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Abstract
Nanoparticle-mediated Cell Behavior 
Modulation for the Treatment of 
Myocardial Infarction
Jin Han
School of Chemical and Biological Engineering
The Graduate School
Seoul National University
Myocardial infarction (MI) is one of the leading causes of death worldwide, and 
accounts for majority of cardiac-associated disorders. MI originates from reduced 
blood supply to the heart and subsequent cardiac necrosis, hence, tissue 
engineering approaches are required for successful cardiac repair. Recently, various 
types of cells and nanoparticles drew significant attention as efficient therapeutics 
for cardiac repair, and combinatorial treatments between cells and nanoparticles 
have been introduced. Even so, majority of nanomaterials have been mostly 
utilized as delivery carriers, and studies regarding how nanoparticles actively 
modulate cell behaviors and potentiate the therapeutic efficacy of these cells 
remain unexplored. 
Current dissertation presents the integration of stem or immune cells with 
most widely used nanoparticles, such as iron oxide nanoparticles or graphene oxide, 
for the treatment of MI. More specifically, biological role of these nanoparticles 
II
and how innate chemical properties of nanoparticles mediate cell behaviors is
elucidated. Major goals of dissertation are summarized as follows; 1) Elucidation 
of metal ion-delivering capability of iron oxide nanoparticles, and investigation on 
the modulation of cell signaling transduction and development of intercellular gap 
junction crosstalk 2) Elucidation of sp2 chemistry-based intracellular antioxidant 
chemistry of graphene oxide, and its immune modulatory function for therapeutic 
polarization of macrophages in MI treatment. 
First, we showed that iron oxide nanoparticles can modulate intracellular 
signaling transduction in cardiac cells, and improve intercellular gap junction 
formation in stem cell co-culture. Co-culture of stem cells with cardiac cells has 
windowed a platform for cardiac priming of MSCs prior to in vivo transplantation, 
and active gap junctional crosstalk between stem cells and cardiac cells are crucial 
in stem cell modification. In this study, we report that iron oxide nanoparticles can 
augment the expression of gap junction protein connexin 43 in cardiac cells to 
better form gap junction channels with stem cells. Stem cells co-cultured with 
nanoparticle-harboring cardiac cells exhibited active biomolecule transfer and 
showed increased level of electrophysiological cardiac biomarkers and cardiac 
repair-favorable paracrine secretion. Implanted in rat MI models, cardiac-primed 
stem cells significantly reduced cardiac fibrosis, promoted cardiac tissue 
regeneration and function. 
Secondly, we exhibited that graphene oxide with carbon-based sp2
chemistry can function as reactive oxygen species scavenger within the cells and 
prevent inflammatory activation of macrophages. Furthermore, we functionalized 
graphene oxide nanoparticles with plasmid DNA to better polarize inflammatory 
cells at cardiac infarction area into tissue regenerative macrophages. After the onset 
of MI, excessive amount of inflammatory macrophages propagates at the peri-
infarct to exacerbate tissue necrosis, suggesting that uncontrolled differentiation 
and activation of inflammatory macrophages greatly hamper proper tissue 
regeneration. In this study, we demonstrated that graphene oxides can act as an
III
antioxidant to prevent inflammatory activation of macrophages, and further DNA 
functionalization significantly improved therapeutic polarization of these 
macrophages. Furthermore, injection of DNA-functionalized graphene oxides in 
mouse MI models notably reduced immune cell infiltration and mitigated cardiac 
fibrosis for cardiac performance improvement. 
Keywords: iron oxide nanoparticle, graphene oxide, cell behavior, myocardial 
infarction, tissue engineering
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Chapter 1. 
Research backgrounds and objectives
2
1.1. Myocardial infarction (MI) and current 
therapeutics
Cardiac disease is one of the leading causes of death worldwide,1,2 and more than
80 million people have cardiovascular diseases in the U.S. only. Medical costs for 
all cardiac diseases are expected to be over $800 billion in 2030,3 and the most 
common pathway for various forms of heart diseases results in chronic heart failure
with a mortality of ~50 % at 5 years.3 For many of these cardiac disorders, 
myocardial infarction (MI) contributes to majority of cardiac-associated 
diseases.1,4,5 MI occurs from coronary artery occlusion, resulting in low blood 
supply and oxygen deprivation at the downstream myocardium.6 Lack of nutrient
supply at the myocardium induces necrosis and apoptosis of resident 
cardiomyocytes, infiltration of inflammatory peripheral macrophages, initiation of 
inflammation and cardiac tissue remodeling for left ventricular malfunction.5 Left 
untreated, these remodeling events further induce cardiac hypertrophy, fibrosis, and 
electrophysiological challenge in the myocardium for heart failure.3 Various types 
of treatments have been introduced for MI, including artery bypass, thrombolytic 
treatments, and organ transplantation; however, current pharmaceutical approaches
cannot provide regenerative tissue engineering therapies for MI.7-9 Because MI 
originates from low blood supply and resident cell death, successful therapeutics
for MI need to accompany blood vessel formation and cardiac tissue
regeneration.5,9 Additionally, uncontrolled adjustment of inflammation at the 
damaged myocardium can further exacerbate tissue reconstruction and cause 
cytotoxic inflammatory damage in the myocardium. In other words, regenerative 
tissue engineering approaches along with inflammation-modulatory therapeutics 
are required for effective MI treatment.
Recently, significant advances have been made in MI treatment using cells 
or biomaterials.10,11 Cells that can promote tissue regeneration or modulate 
inflammation, and biomaterials that can encourage such salutary effects of the cells 
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have gathered much attention for the treatment of MI.12-16 A number of different 
cell types, including mesenchymal stem cells (MSCs),17-20 embryonic stem cells 
(ESCs),21-23 induced pluripotent stem cells (iPSCs),24-26 cardiac stem cells 
(CSCs)27,28 and smooth muscle cells29-32 have all showed salutary effects for MI 
treatment. Stem cells with cardiac differentiation plasticity, and smooth muscle 
cells with cardiomyocyte-like muscle phenotype increased wall tension and 
elasticity. However, crucial therapeutic mechanism involved in cardiac repair has 
recently been realized to be the paracrine action of the transplanted cells along with 
their direct differentiation,33 hence, stem cells that are known as cytokine reservoir 
have been proposed as the optimal cell source for the treatment of MI.1,34-36 Stem 
cells have regenerative potentials to replace the dead cardiomyocytes by 
differentiation, salvage dying cells, and improve angiogenesis with paracrine action 
at the infarcted region.9 Previously, a number of clinical trials using stem cells have 
shown promising results.17-20 Among various types of stem cells, MSCs have 
shown safe and encouraging results in long-term clinical trials.18,20,37 Transplanted 
in the infarcted heart, a fraction of MSCs can differentiate into cardiomyocytes and 
replace infarcted tissues for tissue regeneration and cardiac function
improvement.38-40 However, recent studies demonstrated that the lack of cardiac 
phenotype in naïve MSCs can pose electrophysiological challenge to worsen MI,41-
44 and cardiac phenotype development in MSCs are required for successful cardiac 
repair.45 More recently, the beneficial effects of MSC-derived cytokines have been 
reported in a number of studies 1,46-48. 
In addition to the stem cell therapy, biomaterials-based therapeutics have 
drawn significant attention as new therapeutic approaches for cardiac tissue 
engineering.13,49 Treatments with biomaterials, including nanoparticles, nanofibrous 
scaffolds, self-assembling peptides, and cardiac patches have all addressed 
significant improvements in myocardial repair.13 Biomaterials have mostly been 
used to deliver therapeutic molecules, including cells, proteins, drugs, and genes.50-
54 Recently, biomaterials that were utilized as cell carriers have demonstrated that 
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biomaterials can not only deliver cells to the injury site, but also improve the 
therapeutic potentials of the cells.45,55-57 These studies showed that biomaterials can 
significantly improve the therapeutic potentials of the cells by improving their 
cellular crosstalk or enhance cytokine secretion.45,55 Additionally, other studies 
showed the cells implanted at the infarction site with biomaterials exhibited
improved cell survival and engraftment for cardiac function improvement.56,57
These studies show that biomaterials can modulate cell functions to improve 
therapeutic potentials of the cells, and such perspective provided a new approach of 
biomaterials-incorporated therapeutics for MI. Biomaterials with topographical, 
electrical, or chemical properties have been mostly studied to be synergistic with 
cell therapy, and the combination of cells and biomaterials proposed promising 
therapeutic options for MI.45,55,58-70
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1.2. Cell therapy for MI
Stem cells have served as the major source for the treatment of MI for their 
differentiation plasticity and paracrine activity.12-28 They propose two widely 
known therapeutic mechanisms necessary for MI treatment, namely the cardiac 
differentiation and paracrine activity. Various types of stem cells with their own 
therapeutic potentials have shown beneficial effects in cardiac tissue regeneration 
previously,12-28 however, MSCs with their easy accessibility and safety have 
emerged as the optimal cell source for MI. More recently, active roles of resident 
macrophages in inflammation modulation and tissue regeneration have been 
introduced, and macrophages have demonstrated unique polarization for 
inflammation initiation and resolution.6,71-75 To better elucidate their polarization, 
therapeutic approaches modulating these immune cells at the infarction site have 
demonstrated successful cardiac repair.6,71-73,76-81
1.2.1. MSC-mediated therapy for MI
MSCs have been extensively utilized in cardiac regeneration as the prime cell 
source, despite the cardiac differentiation plasticity of MSCs is comparatively 
limited compared to ESCs, iPSCs, or CSCs. MSCs can easily be isolated from the 
patients, expanded ex vivo, and treated in an autologous manner.9 More recently, 
the generation and secretion of therapeutic paracrine molecules from MSCs have 
introduced a paracrine-mediated tissue repair of the injured myocardium.1,33,82-85
Attributable to these therapeutic properties of MSCs, the POSEIDON trial have 
demonstrated autologous or allogenic human MSCs can improve cardiac function
in patients.86 Also, the APOLLO trial showed significant enhancement in cardiac 
function, perfusion and vasculogenesis after the treatment of adipose-derived stem 
cells.87 Along with these clinical trials utilizing MSCs, a number of other trials, 
including the ANGEL, ATHENA, and MyStromal Cell, are currently undergoing 
for the treatment of chronic MI.88
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Direct cardiac differentiation of the implanted MSCs has originally been 
proposed as the major mechanism of stem cell therapy for MI.9 Hence, 
differentiating MSCs before in vivo implantation has been extensively investigated 
to improve their therapeutic efficacy. 5-azacytidine (5AZA) has widely been 
utilized as the primary chemical to differentiate MSCs into cardiomyocytes.89,90
Besides 5AZA, small molecules such as phorbol myristate acetate have improved
cardiomyogenic differentiation of MSCs, which further stimulated 
electromechanical integration of MSCs at the infarcted myocardium for better 
cardiac tissue regeneration.91 Bartunek et al. has also demonstrated that 
pretreatment of MSCs with cardiomyogenic growth factors prior to implantation 
could also induce cardiac differentiation of MSCs, and enhance cardiac repair 
when implanted in vivo.92 Other than the utilization of chemical molecules, the co-
culture of MSCs with the cardiac cells has also promoted cardiomyogenesis and
cardiac priming of MSCs,45,93-96 which was further promoted through pretreatment 
of biomaterials45 or alignment of the cells.97 Upon implantation into the damaged 
myocardium, MSCs pre-differentiated into cardiomyocytes have reduced fibrosis, 
improved angiogenesis and enhanced cardiac functions compared with
undifferentiated MSCs.45,91,92
Even though the cardiac function improvements after MSC implantation 
were partially attributable to the differentiation of the MSCs, some studies 
addressed the population of newly differentiated cardiomyocytes could be too 
small to explain the significant effects of the MSC therapy.35 After the onset of MI, 
millions of resident cardiomyocytes undergo apoptosis and necrosis, hence, the 
small fraction of MSCs-differentiated cardiomyocytes may not be able to fully 
explain the meaningful benefits of the implanted MSCs. In such respect, growing 
evidences suggest that the cytokines secreted from the MSCs could play a major
role in promoting cardiac repair.82,85 MSCs generate and secrete a variety of soluble 
cytokines that exert paracrine-mediated protective effects on damaged cells and 
tissues.33,83,84 These paracrine molecules are responsible for damaged cardiac tissue 
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reconstruction, neovascularization, blood perfusion, and even immune modulation
for cardiac repair.98 Previous studies demonstrated that the administration of 
adipose-derived stem cell conditioned medium could recapitulate the beneficial 
effects of stem cell implantation, suggesting that the therapeutic effects of stem 
cells could eb attributable to the paracrine activity.35,47 Gnecchi et al. showed that 
the cell culture media from MSC cultures exhibited cytoprotective effects on 
primary cardiomyocytes in vitro and significantly reduced cardiac fibrosis in vivo.47
Furthermore, secretion of soluble factors by the implanted MSCs protected
adjacent cardiomyocytes from necrosis, attenuated cardiac remodeling, and 
induced angiogenesis.48 To better elucidate the therapeutic potentials of MSC-
derived paracrine molecules, previous studies introduced hypoxic MSC culture 
conditions or MSC spheroids generating mild hypoxia on MSCs.45,99-102 Under 
hypoxic cell culture condition, MSCs secreted broader spectrum of cytokines 
compared with normoxic cell culture condition. Furthermore, it has also been 
demonstrated that preconditioning of MSCs in hypoxic cell culture condition could 
not only stimulate the soluble factor secretion but also result in better cell survival 
at the infarcted myocardium.46 Collectively, previous studies showed the 
improvements in cardiac function was accompanied with both cardiac 
differentiation and paracrine action of the implanted MSCs. These observations 
have prompted numerous studies with the development of new therapeutic 
strategies that can potentiate the therapeutic efficacy of MSCs. In such respect, 
biomaterials that can greatly improve the cardiac phenotype development in MSCs
and harness the paracrine action of MSCs have gained much attention. 
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Figure 1.1. Mechanisms involved in stem cell therapy for MI
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1.2.2. Macrophage-therapy for MI
Other than the MSC therapy, or biomaterial-based approaches for the synergistic 
effects with MSCs, researches targeting resident immune cells abundant at the 
damaged myocardium has attracted much interests to treat MI. Macrophages are 
the primary and integral responders of the body immune system after MI.6,71,73,74
Macrophages reside in the healthy heart, and even though their total population 
may not be as many as that of other immune cells, such as neutrophils or 
monocytes, their numbers can dramatically vary according to the disease 
progression.103 Peripheral monocytes that are derived from spleen or bone marrow 
can differentiate into macrophage after the onset of MI, and macrophages become 
the primary cell source that propagate at the damaged myocardium until cardiac 
fibrosis.103 During day 1 to 4 after MI, inflammatory peripheral Ly-6Chigh
monocytes are recruited to the myocardium via chemotaxis. These inflammatory 
monocytes further differentiate into classically activated M1 macrophages to 
initiate inflammation (phase 1).71,104,105 These M1 macrophages participate in 
removing dead cells and debris to further initiate granulation and scar formation. 
Starting at day 4 after the onset of MI, a new type of Ly-6Clow monocytes are 
recruited to the myocardium, and the rebuilding phase begins with their 
differentiation into alternatively activated M2 macrophages. During this 
inflammation resolution stage (phase 2), cardiac tissue-dominant populations 
become reparative M2 macrophages that propagate cardiac repair and 
angiogenesis.71,104,105 Unlike M1 macrophages, M2 macrophages contain low 
contents of inflammatory molecules, instead they release soluble cytokines such as 
vascular endothelial growth factor (VEGF) and transforming growth factor-β 
(TGF-β) to support angiogenesis and collagen production. Both M1 macrophages 
and M2 macrophages are critical in cardiac repair, and ablation of either of healing 
phase can disturb proper scar formation and tissue regeneration.106
Classically activated M1 macrophages secrete pro-inflammatory cytotoxic 
cytokines such as tumor necrosis factor-α (TNF-α) and interleukin 6 (IL-6), while 
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alternatively activated M2 macrophages produce anti-inflammatory proteins such 
as interleukin 4 (IL-4) and interleukin 10 (IL-10).75,107,108 Tissue regenerative phase
by M2 macrophages occurs after the resolution of inflammation by M1 
macrophages, hence, the regulation of M1 macrophages is critical in regulating 
infarct size and left ventricular remodeling. Imbalance between M1 and M2 
macrophage population can prolong inflammation, and impair proper tissue 
reconstruction.6,71,104 In such respect, previous studies focused on M2 macrophage 
populations, and demonstrated their importance in cardiac repair.6,73,74,76,77,104 To 
control inflammation by M1 macrophages, or to polarize M1 to M2 macrophages, 
various kinds of supplements have been utilized.109-115 To better target the cells of 
interests and deliver therapeutic cargos into the cells, nanomaterials such as 
alginate,116 chitosan,117 cell-based exosomes,118 or hyaluronic acid119 gathered much 
attention. More recently, other molecules that can differentially polarize 
macrophages and improve cardiac function were introduced. Jeong et al. has 
demonstrated that 5AZA can modulate interferon regulatory factor 1 in 
macrophages to polarize cardiac tissue resident macrophages toward M2 
phenotype.78 This study showed that M2 macrophage propagation can exert 
cardioprotective effect to improve cardiac function. Similarly, Kim et al. also 
showed that natural product derivative significantly inhibited the expression of 
inflammatory factors in macrophages, and increased M2 macrophage population to 
reduce fibrosis and enhance cardiac performance. Direct polarization of 
inflammatory M1 macrophages to M2 macrophages were also demonstrated 
previously.77 Phosphatidylserine-based liposomes were preferentially uptaken by 
M1 macrophages at the myocardium and mimicked anti-inflammatory effects of 
apoptotic cells. Collectively, MI treatment via macrophage polarization has always 
accompanied biomaterials, hence the design of nanomaterials that can better 
elucidate macrophage modulation has attracted more interests. 
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Figure 1.2. Polarization of macrophages for tissue regeneration
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1.3. Nanomaterial-mediated cell therapy for MI
To better elucidate and potentiate the therapeutic efficacy of stem cells or target 
and polarize macrophages for MI treatment, researches regarding nanomaterials 
have made much advances recently. Biocompatible nanomaterials have previously 
been utilized to better deliver cells and enhance their survival at the infarct region 
to promote cardiac repair. Additionally, implantation of functionally designed 
nanomaterials with cells exploited synergistic effect for the treatment of MI. These 
nanomaterials could not only enhance the engraftment and survival of the 
implanted stem cells in vivo, but also modulate their functions in a more cardiac 
repair-favorable manner. More recently, nanomaterials that can modulate 
intracellular signaling via their genuine physicochemical properties have also been 
introduced. In the following sections, an overview of nanomaterial-mediated cell 
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Vascular enlargement ↑      
Cardiac function ↑ Capillary 
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density ↑
Nanomaterials with topographical cues
Nanofibers 97         








Infarct size ↓ Fibrosis ↓




Cardiac-specific protein ↑ 
Gap junction protein ↑
Nanomaterials with electrical conductivity
Carbon 
nanotube 67     
MSC N/A
Cardiac-specific protein ↑ 
Gap junction protein ↑
Gold 
nanoparticle 127   
MSC with    
5AZA
N/A
Gap junction protein ↑ 
Cardiac-specific protein ↑
graphene oxide 
55 MSC spheroids Mouse
Gap junction protein ↑   
Cardiac function ↑








Revascularization ↑ Cardiac 
function ↑
Graphene 129          MSC N/A
Cardiac differentiation ↑ Gap 
junction protein ↑
Table 1.1. Results of biomaterials and biomaterials-integrated stem cell therapy for 
MI in animals or in vitro studies.
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1.3.1 Nanomaterial-mediated stem cell delivery
Although stem cell therapy has emerged as a promising tissue regenerative 
treatment for cardiac repair, its therapeutic benefit is limited due to poor 
engraftment and long-term survival of the transplanted cells.130 Functional 
engraftment and prolonged survival of the injected stem cells have always been one 
of the major challenges in stem cell’s translational application for cardiac repair.88
Therefore, the development of biomaterials that can enhance cell survival and 
extend its reparative action at the infarcted region has been proposed as the critical 
factor that promotes the beneficiary outcomes of the stem cells.131 Various types of 
nanobiomaterials have been introduced as efficient cell delivery systems, and their 
therapeutic effects for MI have been investigated. 
To improve stem cell retention at the infarct, nanostructured cardiac 
patches and injectable peptides have been studied.13,132-134 Cardiac patches are 
placed on the epicardial surface of the infarcted heart, hence, these patches require 
unique structural and physicochemical properties that are compatible with the 
native heart tissue. Therefore, natural protein that is predominant at the heart tissue,
such as collagen, has drawn much attention.13 Simpson et al. have previously 
demonstrated that collagen-based cardiac patches seeded with MSCs improved 
MSC survival in vitro, and successfully restored cardiac function after 
implantation.120 Compared to the cells delivered without collagen patch, which
exhibited less than 11 % of cell engraftment, MSCs delivered with patches showed
23 % cell engraftment for cardiac function improvement. Cardiac patches without
MSCs showed no significant improvements in cardiac function, suggesting that the 
major therapeutic efficacy was attributable to the increased survival of the stem 
cells. Along with collagen, synthetic materials have also been investigated for 
cardiac patch development.13 Synthetic polymer poly(lactide-co-ε-caprolactone) 
has shown elasticity and biodegradability required for cardiac patch, and has been 
vigorously investigated.13 Poly(lactide-co-ε-caprolactone)-based cardiac patch 
seeded with MSCs exhibited enhanced MSC survival and improved cardiac 
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function after implantation in vivo.121 Injection of MSCs alone also showed partial 
improvement in cardiac function, while scaffold provided fertile microenvironment 
for MSCs to increase their viability and improve cardiac repair. Similar to the 
previous studies, cardiac function enhancement was not observed with cardiac 
patch alone. Even though aforementioned studies showed no beneficial effect of 
cardiac patch alone for cardiac function,120,121 contradictory results have also been 
reported in other studies.13 Further studies are required to better elucidate the 
efficacy of cardiac patches for cardiac repair. 
Along with cardiac patches, self-assembling peptide nanofibers has also 
been utilized as cell delivery vehicle for MI treatment.122,123,135 Previous studies 
demonstrated that self-assembling peptides greatly improved the viability of the 
implanted cells and significantly facilitated cardiac repair when implanted with 
MSCs, skeletal myoblasts, or bone marrow mononuclear cells.122,123,135 Guo et al.
have further integrated self-assembling peptides with CSCs and demonstrated their 
therapeutic applications in rat MI model.124 Upon transplantation at the infarcted 
region, self-assembling peptide bundled into nanofibrous scaffolds and provided 
suitable microenvironment for cell survival to inhibit cellular apoptosis and 
necrosis caused by anoxia. Subsequently, increased survival of the stem cells
resulted in enhanced cardiac differentiation of CSCs. Compared to the groups 
treated with stem cells or self-assembling peptides alone, the combination of stem 
cells with the peptides significantly improved cardiac function. 
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1.3.2 Topographical cues of nanomaterials for stem cell and 
macrophage behavior modulation
Previous studies further elaborated the physicochemical properties of biomaterials, 
and elucidate the roles of nanotopographical cues on modulating cell behaviors, 
such as cell differentiation, function, and gap junction expression. Previous 
researches have mainly focused on the innate properties of the heart, because 
application of cardiac-mimetic characteristics on therapeutic biomaterials may pose 
significant effects on the cells.10,11,13 For efficient cell signal transduction and 
synchronous contraction of the cardiac muscles, cardiac cells need to be aligned for 
proper gap junction protein distribution.43 To mimic such property of the heart, 
nanotopography-associated approaches have been introduced to modulate cell 
behaviors for better cardiac repair. 
A previous study demonstrated that aligned topography or electrical field 
stimulation for cell alignment is crucial for orientation and elongation of 
cardiomyocytes.58 The study showed that both topographical cue and electrical 
field stimulation are critical to preserve cardiac cell properties, while a combination 
of these two factors further promoted the contractile property of cardiomyocytes. 
Thereafter, to further evaluate the effect of nanotopography on cardiac cell 
behavior, a number of researches introduced aligned nanofibers, which mimic the 
nanostructures of natural extracellular matrices of the heart tissue,59 that can 
improve alignment60 and beating of cardiomyocytes.62 Cardiomyocytes cultured on 
aligned nanofibers showed higher beating frequency compared to those cultured on 
randomly-oriented nanofibers. Upon transplantation in vivo, cardiomyocyte-seeded 
aligned cardiac patch greatly improved cardiac performance, while randomly-
oriented patch exhibited serious cardiac deterioration for exacerbated cardiac 
function.62 This study indicated that the anisotropic characteristics of the 
biomaterials can greatly regulate the behaviors of cardiac cells and proper design of 
biomaterials can be integrated into the development of translational cell therapy for 
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better cardiac tissue engineering. Kim et al. have further showed that aligned 
nanotopography could enhance the adhesion, proliferation, and cardiomyogenic 
differentiation of CSCs.61 Implantation of stem cell-seeded scaffolds with proper 
alignments demonstrated better tissue integration attributable to the anisotrophic 
structure of the biomaterials. Subsequently, these cardiac patches reduced cardiac 
fibrosis and improved cardiac performance. Kang et al. have recently demonstrated 
that MSCs cultured on aligned polycaprolactone nanofibers exhibited enhanced 
expression of angiogenic and cardio-protective genes.125 Furthermore, this study 
exhibited that MSCs cultured on anisotropic nanofibers demonstrated aligned cell
phenotypes similar to native cardiac tissue, and the transplantation of such cardiac 
patch with aligned MSCs significantly improved cardiac function in rat MI model. 
Pijnappels et al. showed that alignment of MSCs in the patterned substrate can 
significantly improve cardiac differentiation of MSCs and their integration with 
cardiac cells in co-culture.97 Alignment of MSCs also greatly improved conduction 
velocity generation in MSCs and the expression gap junction protein, connexin 43 
(Cx43), necessary for intercellular crosstalk. 
Topographical cues have also showed cell behavior modulation in 
macrophages as well. A previous study showed that macrophage shape change 
using nanotopographical cue can polarize inflammatory M1 macrophages to 
inflammation-resolving M2 macrophages.136 Elongation of macrophages on 
micropatterned substrate greatly changed extracellular matrix architecture within 
the macrophages, and inhibited inflammatory cytokine secretion. Chen et al.137 and 
Refai et al.138 have further introduced the topographical effects on macrophage 
phenotype modulation and regulation.
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1.3.3 Electrical properties of nanomaterials for stem cell 
behavior modulation
In addition to the anisotropic property, electrical conductivity is another genuine
property of the cardiac tissue that is critical in developing therapeutic biomaterials 
for MI. Cardiac cells need gap junction-based intercellular coupling for electrical 
signal transduction and proper heart function. Therefore, previous approaches with 
electrochemically unsuitable treatments posed electrophysiological inharmony and 
caused arrhythmic risks upon application.43 Hence, previous studies have focused 
on developing conductive nanobiomaterials that can further be integrated with 
original cardiac therapeutics to induce tissue compatible treatments.139-141
Integration of carbon nanofibers or carbon nanotubes with polymer 
scaffolds showed promising therapeutic potentials, and promoted the adhesion and 
proliferation of cardiomyocytes63 and cardiac progenitor cells64. In addition, 
carbon-based nanomaterials significantly promoted the expression of Cx43 in these 
cardiac cells and stimulated electrical coupling among the cells. Cx43 is 
particularly important because it is essential for intercellular coupling, arrhythmic 
risk reduction, and functional differentiation of MSCs.43,91,100,142 Martines et al. and 
Kharaziha et al. have observed improvements in the electrophysiological functions 
of cardiac constructs decorated with carbon nanofibers68 and carbon nanotubes70, 
respectively. In addition to carbon-based materials, gold nanomaterials have also 
gathered much attention for their excellent conductivity, and further been utilized 
to improve Cx43 expression and therapeutic efficacy of the cell therapy. Previous 
studies demonstrated that cardiomyocytes cultured in hydrogel scaffolds integrated 
with gold nanoparticles65 or gold nanowires66 can significantly increase Cx43 
expression. Additionally, cardiac tissues grown on conductive hydrogels exhibited
synchronous contraction upon electrical stimulation, demonstrating the importance 
of conductivity in heart function.66 Such conductive properties of biomaterials have 
further been integrated to stem cell therapies for cardiac repair. Mooney et al. have 
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showed that electrical stimulation of carbon nanotube-embedded MSC-laden 
scaffolds significantly enhanced cardiomyogenic differentiation of MSCs.67
Electrical stimulation repolarized MSCs perpendicular to the direction of the 
current, and greatly augmented the expression of cardiac biomarkers. Crowder et al.
further investigated the effect of carbon nanotube-containing scaffolds without 
electrical stimulation on cardiac differentiation of MSCs,69 demonstrating that 
electrically conductive nanobiomaterials alone can promote the cardiac 
differentiation of MSCs. Conductive materials have also been utilized together with 
conventional cardiac differentiation methods to stimulate MSCs differentiation. 
Ravichandran et al. demonstrated that 5AZA treatment on MSCs seeded on gold 
nanoparticle-decorated nanofibrous scaffold greatly stimulated MSC differentiation 
toward cardiomyogenic lineage.127 Furthermore, Park et al. have recently 
demonstrated conductive nanomaterials can also participate in MSCs function 
modulation.55 This study showed that electrically conductive reduced graphene
oxides (rGO) incorporated in MSC spheroids significantly enhanced Cx43 
expression of MSCs, while insulating graphene oxide flakes reduced the expression 
of Cx43. Ultimately, injection of MSC spheroids integrated with rGO significantly 
reduced cardiac fibrosis and improved cardiac performance.
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1.3.4 Intrinsic properties of nanomaterials for stem cell and 
macrophage behavior control
Recently, the intrinsic chemical properties have been applied to regulate and 
modulate the functions stem cells and macrophages for the treatment MI. Carbon-
based nanomaterials also showed much potential in stimulating cell behaviors. Park 
et al. have recently showed that graphene substrate can stimulate cardiac 
differentiation of MSCs.129 Graphene substrate stimulated the expression of 
extracellular matrix in MSCs and further initiated signaling transduction related to
cardiomyogenic differentiation. 
Nanomaterial-based cell function modulation has also been introduced in 
macrophages for immunotherapy of MI. A number of particles showed anti-
inflammatory effects within the macrophages to better inhibit M1 differentiation of 
macrophages, and reduce inflammatory cytokine secretion.77,113-115,143,144 Hirst et al. 
demonstrated the cerium nanoparticles can significantly downregulate the 
generation of reactive oxygen species (ROS) within the inflammation stimulated 
macrophages.113 Similarly, anti-inflammatory effects of nanomaterials were also 
demonstrated using gold nanoparticles.114,115 Previous studies exhibited that pre-
incubation of macrophages with gold nanoparticles can greatly reduce 
inflammation-related signal transduction within the cells to prevent inflammatory 
differentiation. Harel-Adar et al. have further demonstrated macrophage-polarizing
nanoparticle in vivo. Uptake of phosphatidylserine-based nanoliposomes by the 
macrophages at the cardiac infarction area successfully mimicked the anti-
inflammatory effects of apoptotic cells, and polarized local M1 macrophages to M2 
macrophages to reduce cardiac fibrosis and improve cardiac function. 
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1.4. Limitations of previous cell or nanomaterial-
mediated therapy
Previous studies achieved significant advances in the development biomaterial-
assisted cell therapeutics for the treatment of MI. Major approaches using stem 
cells for the treatment of MI focused on their cardiac differentiation prior to in vivo
transplantation, while macrophage-oriented treatment development focused on 
inflammation regulation at the infarcted region. Even so, limitations in 
combinatorial approaches between biomaterials and cell therapies remain. 
Stem cell treatments for MI mainly focused on the cardiac differentiation
of MScs prior to in vivo transplantation. Proteins or chemicals have mostly been 
used to initiate MSC differentiation, and cell behavior modulation using cell 
microenvironment has rarely been studied. Co-culture of MSCs with cardiac cells 
has been proposed as the cardiac mimetic microenvironment that stimulates MSC 
differentiation, however, their efficiency needs much improvements. Additionally, 
the paracrine activity needs better to be elucidated as the major therapeutic 
mechanism for cardiac repair, hence, therapeutic approaches that can integrate stem 
cell paracrine effects are required. 
Macrophage-oriented MI treatments accompany inflammation regulation
and inhibition of inflammatory cytokines. Nanoparticles of drugs have been 
utilized to directly reduce inflammatory cytokine downregulation or convert M1 
macrophages to M2 macrophages. However, regulation of cardiac fibrosis and 
improvements in tissue regeneration need not only the regulation of M1 
macrophages, but also the propagation of M2 macrophages for anti-inflammatory 
cytokine production. Treatment options that can inhibit M1 differentiation of 
resident macrophages, while improve M2 differentiation of these cells during the 
inflammatory phase need better elucidation as an efficient MI therapy. 
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1.5. Iron oxide nanoparticles (IONPs) and graphene 
oxide (GO) for cell modulation and tissue engineering 
applications
Iron oxide nanoparticle (IONP) is one of the most widely used nanoparticles for 
cell labeling or drug delivery, and the use of IONPs in cell studies has been shown 
safe and effective.145,146 In spite of their plasticity in biomedical applications, 
IONP’s innate properties have rarely been spotlighted. More specifically, how 
IONPs can influence intracellular signaling pathway has not been clarified, and the 
role of IONPs within the cells has not been studied. IONP can be decomposed into 
ferric ions under low pH condition and function as an ion delivery carrier. 
Previously, metal ion delivery for cell function control has been introduced,147 and
some studies have integrated IONPs to control cell behaviors in vitro,148-150 but no 
studies integrated nanoparticles’ innate properties into therapies. Also, the signaling 
transduction for nanoparticle-induced cell behavior modulation need clarification 
for potential application.
Graphene oxide (GO) has recently been utilized in biomedical engineering 
field as a gene or drug delivery carrier.151-155 Similar to IONP, GO has majorly been 
used as a delivery tool and their physicochemical properties have not been clearly 
elucidated in cell studies. More specifically, GO has unique chemical structure with 
carbon atoms in hexagonal lattice form, however, how this innate property of GO 
can affect intracellular behaviors has not been closely studied. Recently, GO and 
many other graphene derivatives have been shown to possess antioxidant 
characteristic based on their sp2 chemistry, yet their role in biomedical application 
has been limited. The functionality of GO as a gene carrier has well been 
introduced, hence, elucidating the natural properties of GO and applying them in 
tissue engineering therapeutics can synergize with current treatment options for 
efficient cardiac repair. 
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1.6. Research objectives
For the treatment of MI, therapeutics using cells and biomaterials have made great 
advances. Stem cells with differentiation plasticity, or macrophages with 
differential polarization phenotype showed promising results in treating cardiac 
infarction. Moreover, these therapeutic potentials of stem cells and macrophages 
have further been promoted using biomaterials. Nanoparticles, in particular, have 
exhibited excellent delivery capabilities and demonstrated synergistic therapeutic 
potentials when combined with cell therapies. For majority of nanoparticle-based 
treatment options for MI, however, previous studies mostly focused on passive role 
of nanoparticles and the effects of innate properties of nanoparticles in cell 
behavior modulation have not been studied. More specifically, previous studies 
rarely focused on potentiating the biological role of nanoparticles and the studies 
about how nanoparticles can regulate intracellular mechanism transduction and 
influence cell behaviors have been scarce. 
In this dissertation, novel biological roles of nanoparticles and their 
synergistic effects with cell therapeutics for the treatment of cardiac infarction are 
introduced. First, I investigated how IONPs can function as a natural metal ion 
delivery carrier and transport ferric ions within the cells to modulate intracellular 
signaling transduction. More specifically, I investigated how IONP internalization 
can regulate gap junction protein expression in cardiac cells and improve 
intercellular crosstalk in stem cell co-culture system to potentiate cardiac priming 
of MSCs. Secondly, the innate chemical property of GO within the cells have been 
examined to better elucidate anti-inflammatory role of GO in macrophage immune 
modulation. Additionally, such genuine properties of GO was combined with gene 
delivery therapy for better cardiac regeneration. Collectively, the therapeutic 






2.1. Preparation of iron oxide nanoparticle (IONP) 
Iron (III) acetylacetonate (0.706 g, Acros, 99 %) was dissolved in benzyl ether 
(10.40 g, Aldrich, 99 %) solution containing oleic acid (1.27 g, Aldrich, 90 %) and 
4-phenylcarboxylic acid (0.4 g, Acros, 95 %). The solution was degassed under 
vacuum for 1 hour, refilled with argon, and heated to 290 oC with a heating rate of 
20 oC/minute. After maintaining 290oC for 30 minutess, the solution was cool to 
room temperature. To precipitate the resulting nanoparticles, acetone or ethanol 
was added to the solution, which was centrifuged at 1700 rpm for 10 minutess. The 
separated precipitate was dispersed in nonpolar chloroform. The shape and size of 
the nanoparticles were confirmed using transmission electron microscope operating 
at 200 kV. To make the nanoparticles hydrophilic, they were then encapsulated 
using 1, 2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene 
glycol)-2000] (DSPE-mPEG) and 1, 2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-PEG-NH2, 
Avanti Polar Lipids, Inc., Alabaster, AL). Typically, 10 mg of DSPE-mPEG and 
DSPE-PEG-NH2 was added to 2 ml of IONP solution in chloroform. After 
evaporating the solvent, 2 ml of sterilized water was added and sonicated to 
disperse the nanoparticles. Excess PEGylated phospholipids were removed using 
ultracentifugation at 20,000 rpm for 1 hour. Subsequently, aggregates or 
contaminants were removed using a cellulose acetate syringe filter (Advantec, 
Japan). To conjugate fluorescence dyes, nanoparticles with amine groups were 
dispersed in phosphate buffer saline. 1 mg of rhodamine B isocthiocyanate (RITC) 
was added, and the solution was stirred for 6 hours. Excess RITC was removed 
using a desalting column (PD-10, GE Healthcare Life Sciences, Pittsburgh, PA, 
USA). 
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2.2. Characterization of IONP 
IONPs were characterized by transmission electron microscopy (TEM), dynamic 
light scattering (DLS), and inductively coupled plasma mass spectrometry (ICP-
MS). TEM analysis was conducted using TEM (JEOL 2100, JEOL, Japan) 
operated at 100 kV. Size of IONP was analyzed using DLS (DLS-7000, Otsuka, 
Japan). Iron contents within the H9C2 cells after IONP uptake was analyzed using 
ICP-MS (ICP-7500, Shimadzu, Kyoto, Japan).
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2.3. Cell preparation and IONP-based cell culture
2.3.1. MSC and H9C2 culture using IONP and nanoparticle 
toxicity
Human bone marrow MSCs were purchased from Lonza (Walkersville, MD, USA), 
and rat cardiac myoblast cell line H9C2 cells were purchased from Korean Cell 
Line Bank (Seoul, Korea). Both MSCs and H9C2 cells were cultured in growth 
medium consisting of low-glucose DMEM (Gibco, NY, USA) supplemented with 
10 % (v/v) FBS, 100 units/ml penicillin, and 100 μg/ml streptomycin. To prepare 
IONP-internalized IONP(+) H9C2 cells, nanoparticles were added into the medium 
at a concentration of 40 μg/ml. After 24 hours, the cells were washed thoroughly 
with PBS. For the detection of internalized IONPs, the cells were analyzed using 
TEM and fluorescent microscopy (Model IX71, Olympus, Tokyo, Japan). The 
cytotoxicity of IONP was measured using cell counting kit (CCK) and quantitative 
reverse transcriptase polymerase chain reaction (qRT-PCR). Intercellular iron 
contents were then measured using inductively coupled plasma mass spectrometry 
(ICP-MS; ICPS-7500, Shimadzu, Kyoto, Japan). To compare the cytotoxicity of 
IONPs to direct iron ion delivery, H9C2 were treated with 40 μg/ml  IONPs, or 
with the same molar concentration of Fe2+/3+ in  40 μg/ml  IONPs, and CCK
assay was performed after 24 hours. To evaluate the intracellular signaling cascade 
upon IONP uptake, western blot analysis was performed.
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2.3.2. IONP-based MSC co-culture 
To prepare the IONP(+) H9C2 feeder layer, H9C2 cell proliferation was first 
inhibited with mitomycin-C (MMC; Sigma, USA) at a concentration of 10 μg/ml 
for 2 hours. The cells were washed with PBS and the media was switched to fresh 
growth medium. IONPs were then added into the medium. After 24 hours of 
incubation, the cells were washed with PBS and plated at a density of 3000 
cells/cm2 in 150-mm culture dishes. Two days later, 2x105 MSCs were seeded into 
the IONP(+) H9C2 cell-plated 150-mm culture dishes. Cell number ratio of 2:1 
between IONP(+) H9C2 and MSCs was used in this study because when 1:1 ratio 
was used for co-culture, mitomycin-C-treated, non-proliferating IONP(+) H9C2 
were overwhelmed by proliferative MSCs after 1 week, limiting cell-cell crosstalk. 
When cell number ratio of 3:1 was used, on the other hand, there were 
comparatively too many IONP(+) H9C2 compared to MSC, resulting in non-
effective cell-cell crosstalk. To maximize cellular contacts between IONP(+) H9C2 
and MSCs, we optimized the cell number ratio to 2:1 between IONP(+) H9C2 and 
MSCs.
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2.3.3. IONP-mediated cell sorting after co-culture
After 7 and 14 days of co-culture, the mixture of MSCs and IONP(+) H9C2 cells 
were collected by trypsinization, resuspended in growth medium and collected into 
Eppendorf tubes. A neodymium magnet was placed right next to the tube to induce 
cell sorting while the cell suspension was continually gently mixed for dispersion. 
After 2 minutes of sorting, macroscopically dark colored IONP(+) H9C2 cells were 
magnetized to the magnet and accumulated at the bottom of the tube. Only the top 
suspension of the cells was collected and resuspended in growth medium. Magnet-
induced cell sorting was repeated 5 more times. After the 6th sorting, the 
homogenous MSC suspension was collected, and the purity was evaluated by 
immunofluorescent staining for HNA and by fluorescence activated cell sorting
(FACS; FACS Aria II; BD Bioscience, San Jose, CA, USA).
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2.4. In vitro analysis
2.4.1. TEM analysis
H9C2 cells internalized with IONPs were first fixed with Karnovsky’s solution 
(EMS Hatfield, PA, USA) for 24 hours at 4oC, then washed three times with 0.05 
M sodium cacodylate buffer. Samples were fixed with 2 % osmium tetroxide 
(Sigma) for 2 hours at 4oC washed three times with distilled water, dehydrated 
through a series of graded ethanol (50, 60, 70, 80, 90, 95, and 100 %) and 
propylene oxide rinses, and finally embedded in Suppr’s resin (Agar Scientific, 
Essex, UK). Samples were polymerized at 60oC for 24 hours and sliced into slices 
using ultramicrotome (MTX, RMC, Arizona, USA). TEM sections were observed 
with Libra 120 microscopy (Carl Zeiss, Oberkochen, Germany).
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2.4.2. Fluorescent images
Uptake of RITC-conjugated IONP by H9C2 cells were analyzed using fluorescent 
microscopy (Model IX71, Olympus, Tokyo, Japan). IONP-internalized H9C2 cells 
were fixed with 4 % paraformaldehyde (PFA) for 15 minutes at room temperature. 
Samples were then washed two times with PBS and counterstained with 4,6-
diamidino-2-phenylindole (DAPI, Vector Laboratories, USA) for nuclear staining. 
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2.4.3. Quantitative reverse transcriptase polymerase chain 
reaction (qRT-PCR)
Total RNA was extracted from the cells using 1 mL of TRIzol regent (Invitrogen, 
USA) and 200 μL of chloroform. Extracted samples were then centrifuged at 
12,000 rpm at 4oC for 10 minutes. Collected RNA pellets were washed with 75 % 
(v/v) ethanol and dried. Dried RNA samples were dissolved in RNase-free water. 
To prepare cDNA for qRT-PCR, 800 ng RNA from each samples was reverse-
transcribed using GoScript Reverse Transcriptase (Promega, USA). Expression of 
genes were measured using StepOnePlus real-time PCR system (Applied 
Biosystems, Foster city, CA, USA) with FAST SYBR Green PCR master mix 
(Applied Biosystems) for 45 cycles. All of the data were analyzed using 2-ΔΔCt
method. Four samples were analyzed per each group. 
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2.4.4. Western blot assay
Cell lysate was prepared using sodium dodecyl-sulfate (DS) sample buffer (62.5 
mM Tris-HCl (pH6.8), 2 % (w/v) SDS, 10 % (v/v) glycerol, 50 mM dithiothreitol, 
and 0.1 % (w/v) bromophenol blue). The total concentration of the protein was 
determined with bicinchninic acid protein assay (Pierce Biotechnology, Rockford, 
IL) and further performed through 10 % (w/v) SDS-polyacrylamide gel 
electrophoresis. Proteins were transferred to Immobilon-P membrane (Millipore 
Corp., Bedford, MA) and probed with antibodies against c-Jun N-terminal kinases 
(JNK; Abcam, Cambridge, UK), phosphorylated JNK (p-JNK; Abcam), c-Jun 
(Abcam), phosphorylated c-Jun (p-c-Jun; Abcam), connexin 43 (Cx43; Abcam) and 
beta actin (ß-actin; Abcam). Proteins were incubated with horseradish peroxidase-
conjugated secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA) for 1 
hour at room temperature, and blots were developed using chemiluminescence 
detection system (Amersham Bioscience, Piscataway, NJ, USA).
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2.4.5. Calcein-AM dye transfer assay
H9C2 cells were first internalized with IONPs and further stained with 10 μM DiI 
and 10 μM Calcein-AM. After through washing, IONP(+) H9C2 were co-cultured 
with MSCs for 48 hours. Transferred calcein-AM fluorescent dye was evaluated 
using fluorescent microscopy. 
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2.4.6. Immunocytochemistry
cMSCs from IONP-mediated co-culture were first stained with primary antibodies 
against human nuclear antigen (HNA) or Cx43 (Abcam), and the signal was 
visualized with FITC or rhodamine-conjugated secondary antibodies, respectively 
(Jackson ImmunoResearch Laboratories, USA). The slides were counterstained 
with DAPI to stain the nuclei of the cells. 
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2.4.7. Paracrine profile analysis
To evaluate the paracrine molecule secretion activity of cMSCs after 1 week time 
point, 2-week-co-cultured cMSCs were sorted and plated to a 100 mm culture dish. 
One week later, the conditioned medium was collected for angiogenesis array. For 
the paracrine secretion activity characterization, initial number of the plated cells 
was kept the same for all groups (Unmodified MSCs, MSCs co-cultured with 
IONP(-)H9C2, cMSCs 2 days and cMSCs 1 week). Quantitative analysis for 
angiogenesis array was performed with densitometry using ImageJ software from 
National Institutes of Health.
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2.5. Rat MI model and cMSC treatment
Myocardial infarction was induced in 8-week-old Sprague-Dawley rats (240±10 g) 
obtained from Samtako Bio (Osan, Korea), as previously described.156 Briefly, after 
general anesthesia, the rat heart was exposed at the left costal rib through incision. 
Then, the left anterior descending artery (LAD) was ligated with a 6-0 silk suture 
(Ethicon, Cincinnati, OH) for 1 hour and then reperfused. Infarction was 
macroscopically visualized as blanching in the left ventricle. For sham-operated 
Normal groups, no ligation was performed. For intramyocardial injection of MSCs 
and cMSCs, 1x106 cells were injected in a total volume of 60 μl PBS using a 30-
guage needle (BD Bioscience) 1 hour after artery occlusion. Injections were made 
at the anterior and lateral aspects of the infarction border zone. For saline injection, 
60 μl of saline was injected at the same sites. The use of animals was in accordance 
with the International Guide for the Care and Use of Laboratory Animals. The 
experimental protocol was approved by the Animal Research Committee of Yonsei 
University College of Medicine (IACUC No. 2012-0202-2).
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2.6. In vivo assessment
2.6.1. Histological and immunohistochemical assessment
Two weeks after cell transplantation, the animals were sacrificed and the heart 
tissues were fixed with 10 % (v/v) formaldehyde, embedded in paraffin, and sliced 
into 5 μm sections. To assess fibrotic tissue formation after infarction, the heart 
sections were stained with Masson’s trichrome. The area of fibrotic tissue was 
measured using MetaMorph software (Molecular Devices, Sunnyvale, CA), and 
further expressed as the percentage to the total left ventricle.
To measure the infarct size of the myocardium, hearts were sectioned 
transaxially and incubated in TTC (Sigma) for 20 minutes under 37 oC, followed 
by 10 % formalin fixation at 2-8 oC overnight. Infarcted region appeared yellow-
white, and viable myocardium appeared red. Heart sections were photographed 
with a digital camera, and the area was measured with densitometry using ImageJ 
software. Infarction area was expressed as the percentage of yellow-white tissue to 
the total left ventricle. 
Vessel density at peri-infarct was evaluated by staining tissue sections 
with anti-vWF antibody (Abcam) and anti-SMA-α antibody (Abcam). Fluorescent 
detection of vWF and SMA-α was visualized by FITC or Rhodamin-conjugated 
secondary antibody, respectively. Vessel structures positive for vWF or SMA-α
expression were quantified for 4 animals per group, 2 slides per animal and 3 to 4 
fields per slide. 
To evaluate tissue apoptosis, TUNEL (Chemicon, Billerica, MA) was used 
according to the manufacturer’s instruction. The number of apoptotic cells was 
counted for 4 animals per group, 2 slides per animal and 3 to 4 fields per slide. For 
the detection of Cx43 at the borderzone, anti-Cx43 antibody (Abcam) was used and 
detected with FITC-conjugated secondary antibody. Quantitative analysis was 
performed with densitometry using ImageJ software.
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2.6.2. Evaluation of cardiac performance
Two-dimensional transthoracic echocardiography was performed at baseline 
(Normal) and for all experimental groups (n=6 per group) 2 weeks after treatment. 
Assessments were carried out by an experienced cardiologist, blinded to the 
identity of the experimental groups. Images were acquired with a 14 MHz linear-
array transducer interfaced with an ultrasound system (Vivid q, GE, Vigmed 
Ultrasound, Horten, Norway). Left ventricular internal diameters at end-systole 
(LVIDs) and at end-diastole (LVIDd) were measured from M-mode 
echocardiography in the midpapillary short axis view.
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2.7. Preparation of GO and GO derivatives
Branched PEI with molecular weight of 25 kDA was purchased from Sigma-
Aldrich (USA), and N-(3-dimethylaminopropyl-N′-ethylcarbodiimide) 
hydrochloride (EDC) was purchased from TCI Co.,Ltd. (Japan). PEG was 
purchased from Sunbio (Korea), and FA-PEG was purchased from Nanocs (USA). 
GO was synthesized from graphite powders based on Hummers method157 with 
some modifications. 1.0 g of graphite powders and 0.5 g of P2O5 were added into 6 
mL of 98 % H2SO4. The mixture was kept at 85
oC for 5 hours. Deionized water 
(200 mL) was then added to the mixture and left overnight, followed by the 
filtration through anode aluminum oxide (AAO) membrane with 0.2 μm pore size. 
The solid was dried in vacuum at 35oC overnight after through wash with 
deionized water. Thereafter, 1.0 g of dried product and 0.5 g of NaNO3 were added 
to 23 mL of 98 % H2SO4 in ice bath and kept for 40 minutes without stirring. Then, 
6.0 g of KMnO4 was slowly added with stirring to keep the temperature below 
10oC. Then, the mixture was heated to 35oC and stirred for 18 hours, followed by 
the addition of 140 mL of deionized water and 10 mL of 30 % H2SO4. The mixture 
was centrifuged for 30 minutes at 10,000 rpm and the supernatant was decanted. 
The solid was washed with deionized water and centrifuged with 250 mL of 10 % 
HCL at least 3 times until the pH reached 7. Mixture was vacuum filtered and the 
solid was dried overnight at 35oC. For the preparation of GP, GPP or MGC, EDC 
and NHS mixture was added to GO solution (5 mg/mL) under sonication for 10 
minutes. PEI (0.1 mg/ml) was then added into the mixture dropwise, followed by 
30 minutes of sonication and stirring at room temperature for 24 hours. Thereafter, 
FA-PEG (5 mg/ml) was activated with EDC and NHS and added into PEI-GO 
solution under sonication for 30 minutes, followed by stirring at room temperature 
for 24 hours. The solid was washed 3 to 5 times with deionized water under 
vacuum filtration. After the filtration, solid was dried overnight at 35oC. For the 
preparation of GP, no PEG was added after PEI conjugation. For the preparation of 
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MGC, FA-PEG was used instead of PEG, and the whole procedure was performed 
identically.
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2.8. Characterization and DNA conjugation of GO 
derivatives 
GO and GO derivatives were characterized by Raman spectroscopy, ultraviolet-
visible spectrometer (UV-Vis), transmission electron microscopy (TEM), fourier 
transform infrared spectroscopy (FT-IR), dynamic light scattering (DLS), 
electrophoretic scattering light (ELS), and thermogravimetric analysis (TGA). The 
chemical structural characteristics of GO and various types of GO derivatives were 
investigated using Rama spectroscopy (RM 1000-Invia, Renishaw, UK). Raman 
spectra were recorded using an argon ion layer as the excitation source, and the 
scan range was set from 1000 to 2500 cm-1. The optical transmittance of GO 
derivative for antioxidant chemistry activity was measured using UV-Vis 
spectrometer (Nanodrop 2000C, Thermo Scientific, USA). TEM analysis was 
conducted using TEM (JEOL 2100, JEOL, Japan) operated at 100 kV. Evaluation 
of chemical modification on GO was assessed using FT-IR (Nocolet 6700 
spectrometer, Thermo Scientific, USA). Size and zeta potential of GO derivatives 
were analyzed using DLS (DLS-7000, Otsuka, Japan) and ELS (ELS-8000, Otsuka, 
Japan). To evaluate DNA conjugation, 1.5 % agarose gel electrophoresis was 
performed for various N/P ratios
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2.9. Cell preparation and uptake of GO derivatives
2.9.1. Culture of mouse bone marrow-derived macrophages
Mouse bone marrow-derived macrophages (mBMDM) were isolated and 
differentiated from 6-week-old female BALB/c mice.158 Primary macrophages 
were differentiated for 7 days in macrophage differentiation media (high-glucose 
DMEM (Gibco) supplemented with 10 % (v/v) FBS), 100 units/mL penicillin, 100 
μg/mL streptomycin, and 30 % L929 cell-conditioned medium L929 cell-
conditioned medium was prepared by growing L929 cells in high-glucose DMEM 
containing 10 % FBS, 100 units/mL penicillin, 100 μg/mL streptomycin for 10 
days. The medium containing macrophage colony stimulating factor secreted by 
L929 cells was harvested and filtered through a 0.22 mm filter. At day 3, 3 mL 
extra macrophage differentiation media was added to mBMDM culture, and 
mBMDMs were collected at day 7 for further in vitro analysis. 
To prepare MGC-positive mBMDMs, nanoparticles were added into the 
cell culture medium at a concentration of 10 μg/mL. After 4 hours, the cells were 
washed thoroughly with PBS. MGC-laden macrophages were further used for in 
vitro assays. For the detection of internalized GO nanoparticles, macrophages were 
analyzed using TEM and fluorescent microscopy (Model IX71, Olympus, Tokyo, 
Japan). The cytotoxicity of GPP and MGC was measured using MTT 24 or 72 
hours after the treatments.
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2.9.2. Uptake and cellular affinity of GO derivatives
Rat cardiomyocytes and cardiac fibroblasts were purchased from Lonza 
(Walkersville, MD). Cardiomyocytes, cardiac fibroblasts and BMDMs were 
labelled with green fluorescent DiO, while GPP and MGC were labelled with DiI 
for 4 hours. Cells were treated with GPP or MGC at 10 μg/mL for 30 minutes, and 
cellular uptake was analyzed using a fluorescent microscopy. Quantitative analysis 
for cellular uptake efficiency was performed with ImageJ software from National 
Institutes of Health.
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2.10. In vitro analysis
2.10.1. Metal chelating assay
Metal chelating activities of GO or MGC were evaluated using the method of 
previous studies with some modifications.159,160 GO or MGC dispersed in deionized 
water at various concentrations (0, 10, 50, 100, 200, or 500 μg/mL) was separately 
added to 2.8 mL of deionized water, followed by mixing with 50 μL of 2 mM 
FeCl2·4H2O and 150 μL of 5 mM ferrozine (Sigma). The control group contained 
all the reagents without the sample. The mixture was shaken vigorously and left at 
room temperature for 15 minutes. Absorbance levels of the solutions were then 
measure using a spectrophotometer at 562 nm. All measurements were run in 
triplicate and averaged. The percentage of inhibition activity of Fe2+ complex 
formation was calculated using the formula given below:
Fe2+ formation inhibition (%) = [(ANT – A562) / ANT] x 100, where ANT denotes the 
absorbance of the control group, and A562 implies the absorbance of the samples.
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2.10.2. Intracellular reactive oxygen species (ROS) generation
To further measure intracellular ROS level, mBMDMs were pre-incubated with or 
without MGC for 2 hours, and then treated with 200 ng/mL LPS for 24 hours. After 
washing the cells with PBS, the medium was changed to serum-free DMEM 
containing H2DCFDA 20 μM (Invitrogen, Carlsbad, CA, USA) at 37
oC. Thirty 
minutes after the treatment, cells were washed and collected to be analyzed using 
FACS installed at the National Center for Inter-university Research Facilities 
(NCIRF) at Seoul National University (FACS Aria II, Seoul, Korea).
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2.10.3. qRT-PCR and western blot assay
qRT-PCR and western blot analysis of MGC-polarized macrophages were 
performed using previously noted experimental procedures. 
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2.10.4. Paracrine secretion analysis
Cytokine secretion was analyzed using Quantikine (R&D systems, Minneapolis, 
MN, USA) according to the manufacturer’s directions. For antioxidant property 
evaluation, macrophages were pretreated with 10 μg/mL MGC for 2 hours, 
followed by the treatment of 200 ng/mL LPS for 24 hours. For macrophage 
polarization analysis, macrophages were pretreated with 200 ng/mL LPS for 24 
hours, followed by the treatment of 10 μg/mL MGC+ for 2 days. Conditioned 
medium was collected and centrifuged at 1500 rpm for 10 minutes to remove cell 
debris for Quantikine analysis. Proteome profiler assay was performed following 
the instructor’s manual for cell culture conditioned medium.
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2.10.5. Fluorescent imaging
Morphological changes after MGC uptake was evaluated using fluorescent images. 
Macrophages were first stained with DiO fluorescent dye for 3 hours. Thereafter, 
these cells were treated with 200 ng/mL LPS for 24 hours, followed by the 
treatment of 10 μg/mL MGC. Morphological changes in macrophages were 
assessed using fluorescent microscopy.  
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2.10.6. Co-culture of macrophages and cardiomyocytes
To assess the Cytoprotective efficacy of MGC/IL-4 pDNA -polarized macrophages, 
cardiomyocyte co-culture was performed. Two days after cardiomyocyte seeding 
on 6-well cell culture plate, 100 mM H2O2 was added into the cell culture medium 
to induce in vivo-mimicking cell death. After 4 hours, transwell inserts seeded with 
M1 macrophages or M1 macrophages treated with MGC/IL-4 pDNA (10 μg/mL 
MGC solution, 5ug IL-4 pDNA) for 72 hours, were placed within the 6-well cell 
culture plate and the medium was changed to H2O2-free medium. Viability of the 
cardiomyocytes was assessed using MTT assay after 24 hours of co-culture.
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2.11. Mouse Model and MGC injection
Animal experimental protocol was approved by the Chonnam national University 
Animal Care and Use Committee (CNU IACUC-H-2016-37). MI was induced in 8-
week-old male BALB/c mice (Central Lab Animal Inc., Seoul, Korea) by occlusion 
of the coronary artery. Briefly, the mice were anesthetized with an intramuscular 
injection of ketamine (50 mg/kg) and xylazine (10 mg/kg), and the left coronary 
artery was occluded within the myocardium between the left atrial appendage and 
the right ventricular outflow tract using a curved needle and a 5-0 silk suture. After 
ligation, 50 μL PBS, MGC (20 μg MGC) in 50 μL PBS, or MGC/IL-4 pDNA (10 
μg DNA-conjugated 20 μg MGC) in 50 μL PBS was injected into the border zone. 
The mice were sacrificed 1, 4, or 14 days after the treatments.
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2.12. In vivo assessment
2.12.1. Histological assessment and evaluation of genes and 
proteins
For immunohistochemical and H&E staining, heart tissues 1 or 4 days after the 
treatments were fixed with formaldehyde, embedded in paraffin, and sliced into 4 
μm-thick sections. Tissue sections were analyzed using TUNEL assay for apoptotic 
cell evaluation, H&E staining for inflammatory cell infiltration assessments, and 
immunohistochemical staining against CD206 to visualize M2 macrophages. 
Images were quantified using ImageJ software.
Two weeks after the treatments, the animals were sacrificed and the heart 
tissues were fixed with formaldehyde, embedded in paraffin, and sliced into 4 μm-
thick sections. To assess infiltration of inflammatory macrophages, the heart 
sections were stained with H&E. To evaluate fibrotic tissue formation after 
infarction, sections were stained with Masson’s trichrome. Quantitative analysis for 
H&E staining and Masson’s trichrome staining was performed with densitometry 
using ImageJ software, and further expressed the percentage to the total left 
ventricle. 
For immunohistochemical analysis of M1 and M2 macrophages, heart 
sections were retrieved 14 days after the treatments. For immunohistochemical 
analysis of vessel density and cardiac remodeling, heart sections 14 days after the 
treatments were obtained. Sections were first treated with proteinase K for 15 
minutes at 37oC for antigen retrieval. After nonspecific binding was blocked with 
5% normal goat serum (Sigma), the slides were incubated with primary antibodies 
against Cx43 (Abcam), vWF (Abcam), and SMA-α (Abcam) for 18 hours at 4 °C. 
The sections were washed three times with PBS and incubated for 1 hour with 
FITC or Rhodamine-conjugated secondary antibodies. After washing, the slides 
were mounted with a mounting medium (VectaMount mounting medium, Vector
Labs Inc., Burlingame, CA, USA). Images were obtained and digitized on a 
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computer using an Olympus CX31 microscope (Olympus) equipped with an 
Infinity 1 camera (Lumenera Scientific, Ottawa, Canada). Four samples per group 
were analyzed.
For qRT-PCR, RNA was isolated from heart tissue using TRIzol (Life 
Technologies, CA, USA) according to manufacturer’s instructions. cDNA was 
synthesized using Applied Biosystems High-Capacity cDNA Reverse transcription 
Kit (Invitrogen, MA, USA) according to the manufacturer’s instructions. PCR was 
performed using QuantiTect SYBR Green PCR kit (Qiagen, Valencia, USA) and 
Corbett Research Rotor-Gene RG-3000 Real Time PCR System. The sequences of 
primer pairs are described in Supplementary Table S1. All reactions were 
normalized using eukaryotic 18s rRNA endogenous control (Applied 
Biotechnologies).
For western blot, isolated hearts were snap-frozen in liquid nitrogen. 
Lysates were generated by pulverizing cardiac tissue on ice in RIPA Buffer (150 
mM NaCl, 50 mM Tris-Cl pH 8.3, 0.5 % wt/vol sodium deoxycholate, 0.1 % 
wt/vol SDS) together with additional protease inhibitors (complete ULTRA mini 
tablet, Roche). After centrifugation at 10,000 g for 10 minnutes, the supernatant 
was prepared as a protein extract. Equal concentrations of proteins were 
fractionated by electrophoresis on 8-12 % acrylamide gels and were transferred 
onto a polyvinylidene fluoride membrane (Merck Millipore, Darmstadt, Germany), 
followed by blotting with antibodies for iNOS (Cell Signaling Technology, MA, 
USA), Arg1 (Cell Signaling Technology, MA, USA), BAX (Santa Cruz Biotech, 
Dallas, TX, USA), and glyceraldehyde 3-phosphoate dehydrogenase (GAPDH, 
Santa Cruz Biotech, Dallas, TX, USA) followed by incubation with horseradish 
peroxidase-conjugated secondary antibody (Cell Signaling Technology, MA, USA). 
Protein expression was detected by using an Image Reader (LAS-3000 Imaging 
System, Fuji Photo Film, Tokyo, Japan).
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2.12.2. Evaluation of cardiac performance
Left ventricular function was assessed by transthoracic echocardiography. Two 
weeks after the treatments, the mice sere anesthetized, and echocardiography was 
performed with a 15-MHz linear array transducer system (iE33 system, Philips 
Medical Systems; Amsterdam, Netherland) by an expert who was not aware of the 
experimental conditions to exclude bias.
55
2.13. Statistical analysis
The quantitative data are expressed as the means ± standard deviations. The 
statistical analysis were performed through one-way analysis of variance (ANOVA) 
with Tukey’s significant difference post hoc test using the SPSS software (SPSS 
Inc., USA). A value of P<0.05 was considered to be statistically significant. .
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Chapter 3. 
Iron oxide nanoparticle-mediated development 
of cellular gap junction crosstalk to improve 




Mesenchymal stem cells (MSCs) can repair myocardium damaged by MI.161-163
There are largely two mechanisms of action for the repair; one mechanism 
suggesting MSCs directly differentiate into functional cardiac cells,164-167 and the 
second mechanism addressing MSCs secrete therapeutic paracrine 
molecules.34,167,168  Although the multipotency of MSCs is promising, their cardiac 
differentiation in vivo is controversial,35,161,169 and the lack of cardiac phenotypes in 
naïve MSCs poses an electrophysiological challenge for MI repair.41-44 Previous 
studies have showed that MSCs expressing cardiac-specific biomarkers can reduce 
arrhythmic risks and improve cardiac function in vivo,91,170,171 suggesting that 
cardiac phenotype development of MSCs can improve the therapeutic efficacy. 
Along with the cardiac phenotypes, the salutary effects of the paracrine molecules 
secreted from MSCs have been demonstrated in a number of studies,84,172,173 and 
the enhanced paracrine secretion resulted in better reparative efficacy of the MSC 
therapies.99-101 Hence, both cardiac phenotype development for myocardium 
compatibility and paracrine signaling improvements may improve the therapeutic 
potential of MSCs for MI. 
To induce cardiac phenotype development of MSCs in vitro, exogenous 
supplements, such as transforming growth factor beta 1 (TGF-β1) and 5AZA, have 
been used in MSC cultures.89,174,175 Co-culture with cardiomyocytes or 
cardiomyoblasts has also been proposed as a method for cardiac lineage 
differentiation that requires no exogenous supplements.94,176 Primary 
cardiomyocytes, however, pose challenges for co-culture, because these cells have 
limited life span and do not proliferate in vitro.175 Moreover, the limited 
accessibility to the primary cardiomyocytes causes another difficulty for the co-
culture. To overcome these problems, cardiomyoblast cell line, H9C2, has been 
used in previous co-culture studies.176,177 Although H9C2 cells provide excellent 
accessibility and quality assurance, they rarely express connexin 43 (Cx43), a gap 
58
junction protein,178 which is responsible for intercellular gap junction coupling and 
cell-to-cell crosstalk in co-culture, which are previously known to play major roles 
in MSC modification.93,170 Thus, H9C2 with enhanced Cx43 expression may 
provide active intercellular interactions with MSCs in co-culture, which could 
promote cardiac lineage development of MSCs. 
Aside from direct cardiac phenotype development of MSCs, improvement 
in indirect paracrine mechanism of MSCs was studied using various culture 
conditions. MSCs are known to repair damaged organs through a broad spectrum 
of reparative paracrine molecules.35,84,172 To improve the paracrine secretion of 
MSCs, previous studies introduced hypoxic culture conditions or mild hypoxia 
generated from MSC spheroids.99-101 Even so, no previous studies have investigated 
whether both cardiac phenotype development and paracrine profile improvement of 
MSCs could be achieved simultaneously and orchestrated into one solution for MI. 
Recently, iron oxide nanoparticle (IONP)-mediated cell labeling or drug delivery 
has been extensively studied, and the use of IONPs in cell studies has been shown 
safe and effective.145,146 In spite of their plasticity in biomedical applications, the 
effect of IONPs as ion-delivering carriers has rarely been studied, and their use in 
cell biology or stem cell-based therapy needs more exploration. While some studies 
have integrated IONPs to control cell behaviors in vitro,148-150 approaches with 
IONP-induced gap junctional communication improvements have not been 
reported. Additionally, the mechanisms behind the nanoparticle-induced cellular 
behavior changes need better clarification for potential application of IONPs in the 
biomedical field.
In the present study, we demonstrate new biofunctional properties of 
IONPs in gap junctional cell-cell crosstalk, and focus on the generation of 
therapeutic potential-improved MSCs using IONP-induced co-culture with H9C2
(Figure 3.1). The major therapeutic mechanisms of MSC therapies for MI, namely 
the cardiac phenotype development and reparative paracrine molecule secretion, 
were targeted to be improved from the IONP-based co-culture system. When 
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uptaken by H9C2, IONPs are partially ionized into iron ions, which may trigger 
gap junctional signaling cascade to develop Cx43 expression. To address the 
development of Cx43 by IONPs and subsequent cellular crosstalk in co-culture, we 
analyzed the gene and protein expression of Cx43 in IONP-harboring H9C2 
(IONP(+) H9C2), and evaluated Cx43-based crosstalk of these H9C2 with MSCs 
in co-culture. Consequently, we investigated cardiac phenotype development of 
MSCs influenced by Cx43-mediated cellular crosstalk in co-culture with IONP(+) 
H9C2. Additionally, we assessed the modification of MSCs’ reparative paracrine 
profile after co-culture through gene expression and protein secretion analysis. To 
address the therapeutic efficacy of IONP(+) H9C2 co-cultured MSCs (cMSCs), we 
injected cMSCs into rat MI models, and evaluated cardiac tissue repair and cardiac 
functional recovery. Here, we demonstrate a new application of IONPs in 
developing cellular gap junction, and propose a new window for the generation of 
therapeutic potential-improved MSCs from IONP-based co-culture. 
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Figure 3.1. Schematic illustration of IONP-induced Cx43 expression enhancement 
in H9C2, and the assessments of IONP effects in co-culture for better in vivo
therapeutic efficacy. (A) Cx43 expression enhancement in H9C2 by IONP uptake. 
(B) Generation of therapeutic potential-improved MSCs (cMSCs) from IONP-
induced active cell-cell crosstalk between IONP(+) H9C2 and MSCs in co-culture, 
and the improved therapeutic efficacy of cMSCs in vivo.
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3.2. Results and discussion
3.2.1 Internalization of IONP and H9C2 behavior modulation
The physiological properties of IONP, and the effects of IONP-internalization in 
H9C2 were evaluated (Figure 3.2). We have utilized nanocubes rather than 
nanospheres to maximize the high magnetization while maintaining the colloidal 
stability. Since the responsiveness of IONPs to external magnetic field is 
proportional to their volume, larger nanoparticles is desirable for effective 
magnetic cell sorting. However, iron oxide nanoparticles larger than 20 nm exhibit 
ferromagnetic property and easily form large aggregates owing to their strong 
magnetic attraction to each other. Interestingly, a previous report showed that iron 
oxide nanocube with an edge length of 22 nm, which were encapsulated with PEG-
phospholipid, exhibited high colloidal stability while maintaining high 
magnetization.179 Therefore, iron oxide nanocubes with a similar size were 
employed in this study. The size and shape of IONP, along with the cellular uptake 
of nanoparticles, were assessed using transmission electron microscopy (TEM; 
Figure 3.2B). When treated with 40 µg/ml of fluorescent dye-labeled IONPs for 24 
hours, H9C2 showed efficient uptake of nanoparticles and IONP clusters were 
observed only within the cells. IONP uptake was further visualized with a 
fluorescent microscope, and IONP-uptaken H9C2 (IONP(+) H9C2) expressed 
strong fluorescent signal compared with untreated H9C2 (IONP(-) H9C2) after 24 
hours (Figure 3.2C). To quantitatively evaluate iron contents within H9C2, both 
IONP(-) H9C2 and IONP(+) H9C2 were assessed with inductively coupled plasma 
mass spectrometry (ICP-MS; Figure 3.2D). When compared with IONP(-) H9C2, 
IONP(+) H9C2 showed significantly increased iron contents within the cells. 
To evaluate whether IONP uptake affected the inherent gene expressions 
of H9C2, IONP(+) H9C2 were analyzed with quantitative real-time reverse 
transcription-polymerase chain reaction (qRT-PCR; Figure 3.2E). The data showed 
that IONP uptake did not affect the expression levels of H9C2-inherent apoptosis-
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regulatory (Bcl-2/BAX) or cardiac-specific genes when compared with no IONP 
uptake. Interestingly, IONP(+) H9C2 showed significantly improved gap junction 
protein Cx43 gene expression compared to IONP(-) H9C2 (Figure 3.2E), and its 
protein expression was further assessed with immunocytochemistry (Figure 3.2F). 
Next, we examined the intracellular signaling mechanisms for the 
improved expression of Cx43 after IONP uptake (Figure 3.2G). To assess the 
stability of IONPs at low pH, a condition that resembles cell endosomes, IONPs 
were added and incubated in pH 4 or pH 7 solution for 24 hours. After 24 hours, 
pH 4 solution showed better transparency compared with pH 7 solution, suggesting 
IONPs are partially ionized into Fe2+ or Fe3+ ions at low pH condition (Figure 
3.2H),180 and IONPs would generate metal ions upon endosomal uptake. 
Interestingly, when the same molar concentration of iron ions, were directly added 
into the H9C2 culture, instead of using IONPs, significant cytotoxicity was 
observed (Figure 3.2I). To further evaluate the intracellular signaling cascades 
upon IONP uptake (Figure 3.2G), IONP(+) H9C2 were analyzed with western blots 
(Figure 3.2J). When treated with IONPs, H9C2 uptake nanoparticles through 
endocytosis and these IONPs are retained in the intracellular endosomes.180 Upon 
internalization in the endosomes, which have comparatively low pH level as low as 
4,181 IONPs are partially ionized into iron ions in the endosomes, and the metal ions 
are released into the cytosol.180 These free metal ions promote JNK activation, c-
Jun phosphorylation and ultimately JNK-mediated Cx43 expression as expected 
from the previous study (Figure 3.2G).182 Twenty four hours after the IONP 
treatment, IONP(+) H9C2 exhibited great upregulation in the phosphorylated 
protein forms of JNK (p-JNK) and c-Jun (p-c-Jun) relative to the non-
phosphorylated protein forms compared with untreated H9C2 (Figure 3.2J). 
Increase in p-JNK and p-c-Jun consequently activated Cx43 expression in IONP(+) 
H9C2. 
Next, the functional role of enhanced Cx43 expression was evaluated 
using dye transfer assay (Figure 3.2K). Cx43 is known to induce intercellular 
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coupling among the adjacent cells, and a previous study demonstrated Cx43-
overexpressing cells show active gap junctional communication with the nearby 
cells and transfer biomolecules to these cells.170 To investigate whether IONP-
induced Cx43 expression in H9C2 successfully formed functional gap junctions 
with the adjoining MSCs and transferred cellular biomolecules, IONP(+) H9C2 or 
IONP(-) H9C2 were co-cultured with MSCs for 48 hours. Before co-cultured with 
MSCs, both IONP(+) H9C2 and IONP(-) H9C2 were dual-labelled with DiI (red), 
which cannot pass through gap junctions, and calcein-AM (green), which can only 
pass through gap junctions. Only when H9C2 formed functional gap junctions with 
MSCs, calcein-AM, not DiI, would be transferred to unlabeled MSCs. When dye 
transfer was evaluated with fluorescence microscopy 48 hours after co-culture, 
more MSCs having calcein-AM without DiI were observed in co-culture with 
IONP(+) H9C2 compared with the IONP(-) H9C2 co-culture (Figure 3.2K), 
suggesting IONP(+) H9C2 formed more functional gap junctions with MSCs 
compared with IONP(-) H9C2. Quantitative analysis also showed the calcein-AM 
transfer from H9C2 to MSCs were significantly more frequent when H9C2 were 
pre-treated with IONPs. This data suggests that IONP uptake can not only enhance 
Cx43 expression of H9C2 but also develop functional gap junction 
communications with MSCs in co-culture.
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Figure 3.2. IONP-induced Cx43 upregulation in H9C2 and its functional role in 
gap junctional crosstalk in co-culture with MSCs. (A) Schematic representation of 
IONP. (B) TEM images of (i) IONPs (iron oxide nanoparticles) and (ii) IONPs 
uptaken by H9C2. IONPs are marked with white arrows. (C) Fluorescent images of 
H9C2 after IONP (red) treatment for 24 hours. Bars, 100 μm.  (D) Quantification 
of iron contents within H9C2 after IONP uptake. ICP-MS was performed 24 hours
after IONP treatment. *P<0.05. (E) Expressions of H9C2-inherent cardiac and 
apoptosis-regulatory genes before and after IONP treatment. Gene expressions 
were normalized to the levels of IONP(-) H9C2. *P<0.05 vs. IONP(-) H9C2. (F) 
Expression of a gap junction protein, Cx43 (green), in H9C2 after IONP uptake. 
Blue indicates nuclei. Bars, 100 μm. (G) Schematic illustration of IONP-mediated 
signaling cascades within the cells. (H) Visualization of IONP ionization at low pH. 
For visualization, 40 μg/ml of IONPs were added into pH 4 or pH 7 solution and 
the images were taken after 24 hours. (I) The cytotoxicity of exogenous iron ions or 
IONPs added in H9C2 culture. 40 μg/ml of IONPs or the same molar concentration 
of iron ions were added directly into H9C2 culture. For cell viability evaluation, 
MTT assay was performed 24 hours after IONP or Fe2+/3+ treatment. *P<0.05. (J) 
Western blot analysis and the quantification of intracellular signaling cascades for 
enhanced Cx43 expression triggered from IONP uptake. n=3, *P<0.05 vs.
Untreated. (K) Fluorescent images and quantitative analysis showing active dye 
(calcein-AM, green) transfer after 48 hours of co-culture. Before co-culture, 
IONP(+) H9C2 were labeled with calcein-AM and DiI (red), while MSCs were 
unlabeled. After 48 hours of co-culture, cells having green fluorescence without red 
(calcein-AM+/DiI-; solid arrow) denote MSCs that received calcein-AM through 
functioning gap junction. Cells having no fluorescence but DAPI (calcein-AM-/DiI-
; hollow arrow) denote MSCs that did not receive calcein-AM during 48 hours of 
co-culture. Bars, 100 μm. *P<0.05.
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3.2.2. IONP-based magnetic H9C2 sorting post co-culture
The efficiency of IONP-assisted MSC sorting was assessed (Figure 3.3). Two 
week-co-cultured cells, consisting of MSCs and IONP(+) H9C2, were trypsinized 
and collected in a tube and IONP(+) H9C2 were magnetized to a neodymium 
magnet (Figure 3.3A). IONP-based magnetic cell sorting induced high-density 
accumulation of IONP(+)H9C2 after 2 minutes, and was evaluated with a 
fluorescent microscope (Figure 3.3B). To further assess the cell population contents, 
cell populations attracted to the magnet (magnet(+) population) and those not 
attracted to the magnet (magnet(-) population) were both stained for human nuclear 
antigen (HNA) to assess MSC purity (Figure 3.3C). HNA staining only stained 
human MSCs from the cell suspension. As shown in Figure 3.3C, counterstaining 
with 4,6 diamidino-2-phenylindole (DAPI) displayed IONP(+) H9C2 cells as 
DAPI+ (blue)/HNA- blue, and MSCs as DAPI+/HNA+ (green) blue-green. After 
magnetic cell separation, no IONP(+) H9C2 was observed in the magnet(-) 
population (Figure 3.3C). Similarly, almost no MSCs was observed in the 
magnet(+) population. The immunofluorescent images were then quantitatively 
evaluated. To further confirm pure MSC population in the magnet(-) population, 
the cell population for in vivo injection, the MSC purity was evaluated using 
fluorescent-activated cell sorting (FACS; Figure 3.3D). FACS result demonstrated 
over 99% pure MSCs in the magnet(-) population. Facile separation of MSCs after 
co-culture is particularly intriguing, because conventional cell sorting method after 
co-culture faces several challenges. For cardiac differentiation of MSCs or 
endothelial progenitor cells, direct cell-to-cell contact with cardiomyocytes or 
cardiomyoblasts was shown pivotal.94,176 Even so, cell separation following co-
culture necessitates costly cell-specific antibodies, sorting equipment, and expertise, 
thereby limiting simple, efficient, and clinical-scale cell sorting. Moreover, the 
inability to eliminate cell-conjugated antibodies after antibody-induced cell sorting 
could be problematic for the transplantation of the co-cultured cells. Likely for this 
reason, in vivo administration of the co-cultured MSCs for MI has rarely been 
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reported. In contrast, IONP-based co-culture facilitated a simple, cost-effective, 
easily scalable, and efficient cell sorting following co-culture, allowing for the 
separation of transplantable dosages of MSCs for in vivo applications.
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Figure 3.3. Facile separation of cMSCs following co-culture by magnetically 
removing IONP-harboring H9C2 from the co-cultured cell population. (A) 
Representative illustration of the cell sorting method. (B) Macroscopic fluorescent 
visualization of IONP(+) H9C2 (red) sorting using a magnet. (C) Efficiency of 
IONP-induced cell sorting. DAPI+ (blue)/ HNA- H9C2 were visualized as blue, 
and DAPI+/ HNA+ (green) human MSCs were visualized as blue-green. 
Fluorescent images were taken and quantified for both magnet(-) and magnet(+) 
populations. H9C2 are marked with white arrows in the first image (before 
separation). Bars, 100 μm. *P<0.05 vs. before separation. (D) FACS result of the 
IONP-based cell sorting.
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3.2.3. Cardiac phenotype development in MSCs after co-
culture
Cellular phenotype changes in the co-cultured MSCs were evaluated by analyzing 
the expression of cardiac-specific biomarkers (Figure 3.4). MSCs were co-cultured 
with IONP(+) H9C2 or IONP(-) H9C2, and sorted by neodymium magnet or FACS, 
respectively. After 7 days of co-culture, MSCs co-cultured with IONP(-) H9C2 
showed no significant changes in their cardiac genes compared with unmodified 
MSCs. However, MSCs co-cultured with IONP(+) H9C2 showed significant 
increase in cardiac-specific genes including ß-MHC, MLC2a and MLC2v (Figure 
3.4A). This data suggests that the improved gap junctional communication from 
IONP uptake (Figure 3.2J-K) successfully induced cardiac phenotype development 
of MSCs after co-culture. 
To further compare the cardiac phenotype development efficacy of IONP-
based co-culture with the conventional cardiac differentiation methods, a number 
of groups were analyzed with qRT-PCR (Figure 3.4B). After 7 and 14 days of 
culture, qRT-PCR was performed for unmodified MSCs, MSCs treated with 
cardiac differentiation supplements, such as TGF-β1 or 5-AZA, and MSCs co-
cultured with IONP(+) H9C2. As shown in Figure 3.4B, only the MSCs co-
cultured with IONP(+) H9C2 showed distinctively increased mRNA expression of 
cardiac-specific proteins compared with the other groups. Co-cultured MSCs 
exhibited increased expression levels of a cardiac transcription factor, MEF2C, as 
well as the mid-late cardiac structural genes ß-MHC and MLC. Increase in cardiac 
structural gene expressions was dependent to the co-culture period, and the similar 
tendency was observed in cardiac ion channel marker expressions (Figure 3.4C). A 
significant increase in the mRNA expression of ion channel proteins was observed 
in 2 week-co-cultured MSCs (cMSCs) compared with unmodified or 1 week-co-
cultured MSCs (Figure 3.4C). Based on these data, the optimal co-culture period 
needed for MSCs to develop cardiac phenotypes was set to 2 week. 
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Immunocytochemistry and western blot analysis were then performed to evaluate 
the expression of Cx43 in cMSCs compared with unmodified MSCs (Figure 3.4D). 
Cx43 expression is particularly important, because Cx43 plays a critical role in gap 
junctional communications in the myocardium.183,184 After acute myocardial 
infarction, severe loss of healthy myocardium impairs intercellular 
communications at the peri-infarct and induces cardiac conduction disturbances.183-
185  Administration of naïve MSCs at this phase faces compatibility issues and 
may pose arrhythmic risks.42,43 Previous studies addressed that abnormal cardiac 
conduction and arrhythmogenic remodeling after MI could be worsened by low 
Cx43 expression, immature ion channel activity, or even a physiological 
incompatibility of naïve MSCs.41,43,186 Interestingly, injection of MSCs expressing 
cardiac biomarkers or genetically modified cells that overexpress Cx43 conferred a 
better reparative effect post-infarct.41,91,170 Previous studies also showed that 
overexpression of Cx43 in MSCs or skeletal muscle cells can greatly improve the 
therapeutic efficacy of the cell therapy in MI regardless of the cellular arrangement 
of Cx43.41,91,170,171,187
MSC overexpression of cardiac structural genes, ion channel biomarkers, 
as well as Cx43, from the IONP-based co-culture could associate with enhanced 
therapeutic efficacy in vivo. A number of previous studies tried terminal cardiac 
differentiation of MSCs, however, developing functional cardiac behaviors such as 
action potential generation or calcium transient was limited.89,91,93,94,170,174,188,189
Hence, the present study did not address action potential generation or calcium 
transient in MSCs. On the other hand, adaptation of electrophysiological 
biomarkers showed promising results in MI treatment.91,170,171
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Figure 3.4. Effective development of cardiac phenotype in MSCs by co-culture 
with IONP(+) H9C2. (A) IONP-dependent cardiac phenotype development of 
MSCs. *P<0.05 vs. any group. (B) Enhanced cardiac phenotype development of 
MSCs by IONP-induced co-culture compared with the conventional cardiac 
differentiation methods, treated with TGF-β or 5AZA. *P<0.05 vs. any group. (C) 
Culture period-dependent expression of ion channel genes in cMSCs (MSCs co-
cultured with IONP(+) H9C2). *P<0.05. (D) Immunocytochemistry staining and 
western blot analysis for Cx43. Bars, 100 μm.
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3.2.4. Cardiac repair-favorable paracrine profile in MSCs 
after co-culture
The alteration of the cellular paracrine profile in MSCs after IONP-based co-
culture was assessed by qRT-PCR and protein array analysis (Figure 3.5). 
Angiogenic and cardioprotective proteins that are inherently expressed in MSCs 
were first evaluated with qRT-PCR (Figure 3.5A). Interestingly, cMSCs exhibited 
augmented gene expression of angiogenic proteins such as basic fibroblast growth 
factor (bFGF), hepatocyte growth factor (HGF) and vascular endothelial growth 
factor (VEGF) compared with unmodified MSCs or MSCs co-cultured with 
IONP(-) H9C2 (Figure 3.5A). bFGF and VEGF are known to promote 
angiogenesis and induce proliferation of endothelial cells,35,101,163 while HGF has 
cytoprotective and anti-apoptotic effects.34,35 This finding is particularly interesting 
because co-culture of MSCs with IONP(+) H9C2 affected not only the cardiac-
specific gene expression (Figure 3.4) but also the angiogenic gene expression in 
MSCs. Additionally, upregulation of these therapeutic genes was IONP-dependent, 
suggesting that IONP-induced gap junctional coupling was critical in developing 
cardioprotective gene expression in MSCs during co-culture. 
To further evaluate the paracrine profile improvement by co-culture with 
IONP(+) H9C2, we performed protein array analysis for the conditioned media of 
unmodified MSCs, MSCs co-cultured with IONP(-) H9C2 and cMSCs. Co-
cultured MSCs were first sorted and re-plated to a culture plate. Initial number of 
the plated cells was kept the same for all groups (Unmodified MSCs, MSCs co-
cultured with IONP(-) H9C2 and cMSCs). Figure 3.5B demonstrates representative 
dot blots and quantitative analysis of the assay 2 days after the MSC re-plating. 
MSCs co-cultured with H9C2, regardless of their IONP uptake, produced large 
number of cytokines compared with unmodified MSCs. Proteins that are known to 
repair damaged myocardium, such as angiopoietin 1 (Ang-1) and urokinase-type 
plasminogen activator (uPA) that reduce infarct size190-192, along with placental 
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growth factor (PlGF) and monocyte chemoattractant protein-1 (MCP-1) that help 
collateral perfusion193 showed significant upregulation in both MSCs co-cultured 
with IONP(-) H9C2 and cMSCs compared with unmodified MSCs. Surprisingly, 
the secretion of plasminogen activator inhibitor-1 (PAI-1), pigment epithelium-
derived factor (PEDF) and VEGF was shown IONP-dependent, and was 
significantly increased in cMSCs compared to MSCs co-cultured with IONP(-) 
H9C2. PAI-1 is known to promote angiogenesis by stimulating endothelial cell 
migration,194 and is expected to protect damaged myocardium from extensive 
fibrosis.195 Also, PEDF and VEGF have been suggested to have a protective role in 
MI and reduce collagen deposition for improved cardiac function, 
respectively.196,197 After magnetic cell sorting, cMSCs remained active for 1 week 
to secrete the paracrine molecules (PLGF, MCP-1, PEDF and VEGF), and showed 
increased cytokine secretion compared to unmodified MSCs. This suggests that the 
enhancement in paracrine profile was not transient. Upregulation in paracrine 
molecules is beneficial in myocardium regeneration, as a number of studies have 
previously emphasized the reparative and long-term effect of paracrine signaling of 
MSCs.198-200 Our study demonstrates that cMSCs show higher levels of therapeutic 
gene expression and protein secretion compared with unmodified MSCs or MSCs 
co-cultured with IONP(-) H9C2. Although we could not specify which type of 
molecules were transferred from H9C2 to MSCs, IONP-dependent developments 
of therapeutic gene expression and paracrine profile were clearly demonstrated. 
Significant enhancements in MSC’s innate cytokine profile could augment the 
therapeutic efficacy of stem cell therapy.170
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Figure 3.5. Cardiac repair-favorable paracrine profile of cMSCs. (A) Enhanced 
gene expressions of angiogenic proteins in MSCs, as evaluated by qRT-PCR. 
*P<0.05. (B) Representative images and quantitative analysis of the protein array. 
Paracrine molecules with significant differences in pixel densities compared to 
unmodified MSCs or MSCs co-cultured with IONP(-) H9C2 labelled with dotted 
or solid lines, respectively. n=3, *P<0.05.
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3.2.5. Attenuation of left ventricular remodeling
Attenuation of ventricular remodeling by cMSC administration in vivo was 
assessed (Figure 3.6). Rats were treated with no operation as a positive control, 
with saline as a negative control, with MSCs as a conventional MI treatment, and 
with cMSCs as the experimental group. Two weeks after the treatments, Masson’s 
trichrome staining was performed to assess the area of collagen-containing fibrous 
tissue. Longitudinal sections of the heart showed markedly low levels of blue-
colored fibrotic tissue area in the cMSC group (Figure 3.6A). Quantitative analysis 
showed that the injection of cMSCs significantly reduced fibrotic tissue formation 
compared with the injection of saline or MSCs (8.9±3.6 versus 22.6±4.5 and 
18.2±5.6 %, respectively; P<0.05). The administration of cMSCs was also 
associated with superior infarct size suppression (Figure 3.6B). Infarct size was 
analyzed by triphenyl tetrazolium chloride (TTC) staining and quantitatively 
assessed by measuring the ratio of infarcted myocardium in the left ventricle. The 
degree of infarct size was significantly lower in the cMSC group compared with 
the saline or MSC groups (15.7±3.2 versus 33.0±9.9 and 28.2±2.6 %, respectively; 
P<0.05). 
Regulation of cardiac remodeling was further assessed with myocardium 
apoptosis and endogenous gap junction protein expression (Figure 3.6C). ApopTag 
Fluorescein In Situ Apoptosis Detection Kit (TUNEL) assay and 
immunohistochemistry for Cx43 were performed 2 weeks after the treatments. The 
administration of cMSCs decreased peri-infarct apoptotic cell numbers compared 
with the injection of saline or MSCs (20.9±3.2 versus 41.9±11.1 and 33.9±6.2 
cells/mm2, respectively; P<0.05). Consequently, the densitometry ratio of Cx43 to 
DAPI at the peri-infarct was higher in the cMSC group compared with the saline or 
MSC groups (3.9±1.6 versus 0.6±0.5 and 1.4±0.5, respectively; P<0.05). This data 
suggests that cMSC injection salvaged dying cardiac cells and better preserved 
Cx43 expression. 
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Figure 3.6. Injection of cMSCs attenuates left ventricular remodeling. (A) 
Histological sections of myocardium stained with Masson’s Trichrome, and their 
quantitative analysis. n=4 animals, *P<0.05. Bars, 200 μm. (B) Images of TTC 
stained heart sections, and the quantitative analysis. The infarcted area is marked 
with a yellow line. n=4 animals, *P<0.05. (C) Immunohistochemistry images of 
apoptotic cells and gap junction proteins. TUNEL+ apoptotic cells (red) are marked 
with white arrows. Apoptotic cells were quantified using densitometry and 
evaluated relative to DAPI+ expression. Bars, 100 μm. n=4 animals, *P<0.05.
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3.2.6. Improved vessel density
To confirm that the increased vascular growth was involved with the improvement 
in cardiac remodeling, the heart sections were stained 2 weeks after the treatments 
for the expression of von Willebrand Factor (vWF) and smooth muscle actin alpha 
(SMA-α) (Figure 3.7). Capillary density was notably higher in the cMSC group 
compared with the saline or MSC groups (20.3±4.3 versus 2.6±0.9 and 12.3±5.1 
vessels/mm2, respectively; P<0.05). The cMSC group also showed higher arteriole 
density at the border zone compared with the saline or MSC groups (36.3±6.2 
versus 11.7±2.6 and 20.8±6.8 vessels/mm2, respectively; P<0.05). Our 
observations demonstrate that the suppression of physiological remodeling of the 
heart was accompanied with enhanced capillary and arteriole growth.
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Figure 3.7. Injection of cMSCs increases vessel density. (A) Expression of vWF 
(upper images; white arrows) and SMA-α (lower images; white arrows) at the peri-
infarct, 2 weeks after the treatments. Bar, 100 μm. (B) Quantification of capillary 
and arteriole density. Vascular densities were quantified as vWF+ or SMA-α+ 
vessels per mm2. n=4 animals, *P<0.05.
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3.2.7. Enhancement in animal survival and cardiac function
Improvements in animal survival and cardiac function after cMSC injection were 
evaluated (Figure 3.8). The cumulative animal survival rate was analyzed with 
Kaplan-Meier analysis (n=6 animals for Normal, 27 for Saline, 21 for MSC and 22 
for cMSC; Figure 3.8A). The cMSC group displayed the highest animal survival 
compared with the other groups. The MSC group showed an increase in survival, 
but not significant, compared with the saline group (P>0.05). The cMSC group, on 
the other hand, showed a significant increase in animal survival compared with the 
saline group (P<0.05). Interestingly, a notable change in animal survival was 
detected only within 72 hours after treatment. Previous studies showed the 
ventricular arrhythmias are most likely observed within 48-72 hours after infarction, 
and they can be regulated with increased expression of cardiac ion channel genes 
and gap junction protein of the injected cells.41,43,201 Thus, the improved survival in 
cMSC-treated animals at the initial phase of MI could have been mediated by the 
cardiac electrophysiological properties of cMSCs. 
To further investigate the functional recovery of the ischemic myocardium, 
transthoracic echocardiography was performed and quantified (Figure 3.8B). Two 
weeks after the treatments, both left ventricular internal diameter at end diastole 
(LVIDd) and at end systole (LVIDs) were markedly decreased in the cMSC group 
(LVIDd = 6.2±0.5; LVIDs = 3.4±0.5mm) compared with the saline (7.6±0.6; 
5.9±0.7mm; P<0.05) or MSC (7.0±0.7; 4.6±1.1mm; P<0.05) groups. The 
improvements in LVIDd and LVIDs collectively affected the contractility of the 
heart and greatly recovered the ejection fraction (EF) ratio and fractional 
shortening (FS) in the cMSC group (EF = 80.3±5.9; FS = 44.7±5.7 %) compared 
with the saline (50.9±10.4; 22.6±5.7%; P<0.05) or MSC (67.4±14.2; 34.0±10.2%; 
P<0.05) groups (Figure 3.8B). A previous study has shown that MSCs that express 
cardiac biomarkers can reduce early animal sudden death, and MSCs’ paracrine 
signaling results in prolonged myocardium protection.91 We expect the 
developments of cardiac phenotype and reparative paracrine profile in cMSCs from 
80
the IONP-based co-culture functioned cooperatively to prevent physiological 
remodeling of the heart, and resulted in cardiac function recovery.91,100,202
Long-term engraftment of MSCs, however, was not observed in this study, 
conforming to the previous studies that showed improved cardiac function with 
insignificant long-term survival of the injected MSCs.121,203-206 Injection of human-
derived MSCs into rat models could have attributed to the low MSC survival, but a 
previous study also reported that allogenic injection of rat MSCs also showed rapid 
cell clearance with improved cardiac function.203,205,207 Even so, the physiological 
properties of cMSCs that were previously known to be beneficiary for MI 
treatment, including Cx43 overexpression (Figure 3.4),41,171,187 cardiac 
electrophysiological gene expression (Figure 3.4),42,43,91 and paracrine signaling 
(Figure 3.5),34,36,101,167,168 contributed to the remarkable improvement in cardiac 
tissue repair and function.
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Figure 3.8. Injection of cMSCs improves animal survival and cardiac functions. 
(A) The cumulative animal survival rate. *P<0.05, log-rank analysis. (B) 




Dual Roles of Graphene Oxide to Attenuate 
Inflammation and Elicit Timely Polarization of 
Macrophage Phenotypes for Cardiac Repair
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4.1. Introduction
Cardiac diseases are the leading causes of death worldwide,1,2 and myocardial 
infarction (MI) contributes to majority of cardiac-associated disorders.1,4,5 MI 
occurs from coronary artery occlusion, resulting in low blood supply and oxygen 
deprivation at the downstream myocardium,6 inducing necrosis and apoptosis of 
resident cardiomyocytes, infiltration of inflammatory macrophages, initiation of 
inflammation and progression of cardiac tissue remodeling.6 Left untreated, these 
remodeling events lead to cardiac fibrosis and electrophysiological challenge in the 
myocardium for heart failure.3 Recently, significant advances have been made in 
MI treatment using mesenchymal stem cells (MSCs) with their angiogenic, anti-
apoptotic, anti-inflammatory, and cardioprotective effects.17-20,38-40 Even so, stem 
cell therapy faces a number of problems including invasive autologous cell 
isolation procedure, time-consuming and expensive ex vivo cell-manipulation, low 
cell-grafting efficiency and electrophysiological challenge after 
implantation.41,42,44,208-210 More recently, implantation of primed dendritic cells 
(DCs) has been utilized to improve wound remodeling and preserve cardiac 
function after MI via modulating regulatory T cells and macrophages.211 However, 
the DC therapy requires ex vivo manipulation of DCs and modulates systemic 
immune system.211 Hence, timely modulation of local inflammatory macrophages 
in MI region with off-the-shelf materials may provide a novel therapeutic approach 
that can overcome the shortcomings of the current cell therapies for cardiac repair. 
Macrophages are the primary and integral responders of the body immune 
system after MI.6,71,73,74 There are largely two types of macrophages involved in 
cardiac repair; classically activated M1 macrophages that secrete pro-inflammatory 
cytokines such as tumor necrosis factor-α (TNF-α) and interleukin 6 (IL-6), and 
alternatively activated M2 macrophages that produce anti-inflammatory cytokines 
including interleukin 4 (IL-4) and interleukin 10 (IL-10).75,107,108 After MI, resident 
macrophages and peripheral monocytes/macrophages targeted to the infarct region 
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differentiate into M1 macrophages to remove necrotic cells and debris, further 
initiating inflammatory reactions (phase 1).71,104,105 Thereafter, during the 
inflammation resolution stage (phase 2), cardiac tissue-dominant macrophage 
populations become reparative M2 macrophages that propagate cardiac 
repair.71,104,105 Both phase 1 and 2 are required for successful tissue repair, where 
the extent of inflammatory phase 1 is particularly critical in regulating infarct size 
and left ventricular remodeling because uncontrolled adjustment of macrophage 
phenotypes and prolonged inflammation can impair proper tissue 
reconstruction.6,71,104 Recently, earlier phenotype shift of M1 to M2 macrophages 
has demonstrated significant improvements in MI wound modeling and cardiac 
function.211 Inflammatory phase 1 is closely related to the generation of reactive 
oxygen species (ROS),212,213 which are known to initiate inflammatory activation of 
macrophages and facilitate inflammatory cell migration to the infarct.72,78,79 Hence, 
modulation of ROS in inflammation-stimulated macrophages and earlier shift of 
macrophage phenotype have become a major therapeutic target for MI 
treatment.72,78,79,211
The therapeutic efficacy of M2 macrophages has been demonstrated 
previously, 76,77,211 hence, various kinds of supplements, such as IL-4, IL-10, cerium 
oxide nanoparticle, and gold nanoparticle, have been utilized previously to polarize 
M1 to M2 macrophages. 109-115 Among a number of supplements, recombinant 
proteins have been most widely used and served as golden standards for 
macrophage polarization. However, the difficulties in the preservation of their 
bioactivity in vivo and local delivery of the proteins214-216 limited their utilization. 
To overcome these problems, targeted delivery of DNAs, RNAs and siRNAs to the
cells of interests using nanomaterials, such as alginate,116 chitosan,117 cell-based 
exosomes,118 or hyaluronic acid,119 has been introduced for macrophage 
polarization. Additionally, nanomaterials with natural anti-inflammatory properties 
have also been introduced.113-115,217,218 However, the effect of nanoparticles in cell 
function modulation has rarely been elucidated, and the potential synergistic effects 
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between nanomaterials and gene delivery have not been clarified.
Recently, graphene oxide (GO) has been spotlighted as an efficient gene 
carrier.151-155,219 Previous studies highlighted the facile manipulation of GO in 
conjugating polyethyleneimine (PEI) and polyethylene glycol (PEG) that are 
necessary for gene carrying and long circulation in blood, respectively, 
demonstrating the effectiveness of GO as a biocompatible gene delivery 
carrier.152,155 Additionally, previous studies have reported that the implantation of 
GO did not exhibit in vivo toxicity even after 90 days in mice,220 and GO dosage 
less than 100 mg/kg does not elicit in vivo toxicity.221 Even so, previous studies did 
not elucidate the biological role of GOs within the cells. Furthermore, GOs have 
been introduced to possess antioxidant property based on sp2 chemistry,222 but their 
radical scavenging effect within the cells has not been clarified. Such natural 
antioxidant function and gene-deliverable property may potentiate the therapeutic 
application of GO, and this modality can lead to an off-the-shelf therapy for 
inflammation-mediated diseases such as MI.
Here, we demonstrate that GOs can function as natural antioxidants to 
attenuate inflammatory polarization of macrophages (M1) via ROS reduction 
within macrophages and can serve as a gene carrier to further polarize M1 
macrophages to inflammation-resolving M2 macrophages for the synergistic 
treatment of MI (Figure 4.1). We modified GOs with PEI and folic acid-PEG (FA-
PEG) to develop macrophage-targeting/polarizing GO complex (MGC, Figure 
4.1A), and showed that MGC uptake can not only reduce ROS in immune-
stimulated macrophages but also produce less amounts of inflammatory biomarkers 
(Figure 4.1B). Additionally, delivery of IL-4 plasmid DNA (pDNA) using MGC 
further polarized M1 macrophages to M2 macrophages, and significantly increased 
the expression of reparative biomarkers necessary for cardiac repair (Figure 4.1B). 
Thereafter, we injected MGC/IL-4 pDNA in MI mice and demonstrated regulation 
of local macrophage polarization, attenuation of cardiac fibrosis, increase in blood 
vessel density, and preservation of cardiac function (Figure 4.1B). In the present 
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study, we elucidate dual roles of GO in reducing ROS within the macrophages for 
inflammation attenuation and in delivering anti-inflammatory gene to elicit earlier 
shift to regenerative macrophages (M2) for the synergistic therapy of MI.
87
Figure 4.1. Schematic illustration of the preparation of macrophage-polarizing GO 
complex (MGC)/IL-4, progression of heart failure after MI and the therapeutic 
mechanisms of MGC/IL-4 pDNA in treating MI. (A) Stepwise preparation of MGC 
or MGC/IL-4 pDNA, and the role of each chemical conjugation. (B) Progression of 
heart failure after MI, and the therapeutic mechanisms of MGC/IL-4 pDNA in 
cardiac repair. 
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4.2. Results and discussion
4.2.1 Preparation and characterization of macrophage-
targeting/polarizing graphene oxide complex (MGC)
MGC was prepared and characterized (Figure 4.2). Graphene oxides (GO) were 
first conjugated with DNA-conjugatable Polyethyleneimine (PEI), and further 
reacted with folic acid-conjugated polyethylene glycol (FA-PEG) for the generation 
of MGC. To evaluate the conjugation of PEI, PEG or FA-PEG individually, PEI-
conjugated GO (GP) and PEI/PEG-conjugated GO (GPP) were also synthesized 
(Figure 2A). Fourier transform infrared (FT-IR) analysis demonstrated that GOs 
were successfully conjugated with PEI, PEI/PEG or PEI/FA-PEG for the 
generation of GP, GPP, or MGC, respectively (Figure 4.2A). The GO complexes 
were then characterized using Raman spectroscopy (Figure 4.2B) and 
thermogravimetric analysis (TGA: Figure 4.2C) to assess chemical property 
alterations after chemical conjugations. Raman spectrum analysis demonstrated 
that GO derivatives all exhibited intensity peaks at both D and G band, suggesting 
that there was no significant change in sp2 carbon structure after chemical 
conjugations (Figure 4.2B). Additionally, TGA assessment showed similar weight 
loss profiles in GP, GPP and MGC (Figure 4.2C). Thereafter, GO derivatives were 
analyzed with dynamic light scattering (DLS) and electrophoretic light scattering 
(ELS) for their size determination and surface zeta potential evaluation, 
respectively (Figure 4.2D). Previous studies showed smaller-sized nanoparticles 
could enhance their cellular uptake,223 and large-sized microparticles could provoke 
inflammatory responses in macrophages.224 More importantly, it was reported that 
nanoparticles less than 100 nm were co-localized in lysosomes 24 hours after 
cellular uptake, while larger particles with 200 nm size showed relatively less 
lysosomal localization,225 which implies that nanoparticles with the range of 100 
and 200 nm are better suited for gene delivery. DLS data showed that GO 
complexes had relatively uniform size distribution with average size of 
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approximately 150 nm, which is proper for gene delivery. Additionally, all PEI-
conjugated GO complexes (GP, GPP and MGC) exhibited positively charged 
surface potential, which is required for DNA conjugation (Figure 4.2D). 
Furthermore, to assess the functionality of PEG conjugation, the colloidal stability 
of the GO complexes in aqueous solution was evaluated (Figure 4.2E). Colloidal 
stability of nanoparticles under serum-present condition is particularly important 
because low aqueous stability and excessive protein fouling on the nanoparticle 
surface can dramatically change particle size, charge, and hydrophobicity.226 The 
data demonstrated that GP, GPP and MGC all exhibited high colloidal stability in 
deionized water (DW). In serum-containing cell culture medium, however, GP 
showed particle precipitation at 2 hours, while GPP and MGC demonstrated better 
dispersion. The data suggested that PEG conjugation greatly improved the colloidal 
stability of GO complexes in in vivo-mimicking serum-present condition, and only 
GPP and MGC are suitable for further in vitro analysis and in vivo applications. 
Interestingly, conjugation of FA-PEG showed much better aqueous stability 
compared to PEG conjugation.
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Figure 4.2. Characterization of GO derivatives (GP: GO/PEI, GPP: GO/PEI/PEG, 
and MGC: GO/PEI/PEG/FA). (A) FT-IR evaluation of GO derivatives to assess 
each step of chemical conjugation. (B) Raman spectra of GO derivatives. (C) TGA 
profiles of GO derivatives. (D) DLS and ELS assessment of GO derivatives. (E) 
Colloidal stability of GO derivatives dispersed in deionized water (DW) or serum-
containing cell culture medium. Images were acquired after leaving each sample at 
room temperature for 30 or 120 minutes.
91
4.2.2. Selective cellular uptake and cytotoxicity of MGC
Selective cellular uptake and cytotoxicity of GO complexes were then evaluated. 
Mouse bone marrow-derived macrophages (mBMDM) were first treated with 200 
ng/mL lipopolysaccharide (LPS) for 24 hours to induce M1 phenotype, followed 
by the treatment of DiI-conjugated GPP or MGC for 2 hours. Fluorescent images 
showed efficient uptake of nanoparticles regardless of FA conjugation after 2 hours 
(Figure 4.3A). Transmission electron microscopy (TEM) images further 
demonstrated that GO nanoparticles were internalized into the cells rather than on 
the surface of the cells (Figure 4.3A). Previously, it was reported that large-sized 
GOs that cannot be internalized into macrophages may induce M1 phenotype by 
stimulating membrane proteins.227 In the present study, however, no GPP or MGC 
was observed on macrophage surfaces, and the nanoparticles were completely 
internalized into the cells (Figure 4.3A). Internalization of GPP or MGC exhibited 
no cellular toxicity 3 days after treatment, whereas naked PEI demonstrated notable 
cytotoxicity (Figure 4.3B).
Next, the functionality of folic acid (FA) in GO complexes was evaluated 
using cellular uptake assay. FA is known to bind to the receptors on activated 
macrophages, and previous studies demonstrated the efficacy of FA in macrophage 
targeting.228-230 To demonstrate that MGC has more affinity toward inflammatory 
macrophages and are better uptaken by these cells compared with GPP, cellular 
uptake of MGC by various cell types were assessed. Three types of cells that are 
most abundant at cardiac infarction area, namely cardiomyocytes, cardiac 
fibroblasts and macrophages, were first labelled using green fluorescent dye DiO 
and treated with DiI-conjugated GPP or MGC. Thirty minutes after nanoparticle 
treatment, fluorescent images showed that both GPP and MGC were extensively 
detected in macrophages, whereas almost no nanoparticle uptake was observed in 
cardiomyocytes or cardiac fibroblasts (Figure 4.3C). Quantitative analysis further 
demonstrated that GPP and MGC showed more than 7-fold increased uptake in 
macrophages compared with other infarction-abundant cells, and MGC exhibited 
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notably more cellular uptake in macrophages compared to GPP. Collectively, the 
data suggest MGC has high affinity toward macrophages, and majority of MGC 
delivered in vivo would likely be internalized into macrophages rather than 
cardiomyocytes or cardiac fibroblasts. Hence, only the MGC group was further 
utilized in the subsequent in vitro and in vivo studies.
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Figure 4.3. Targeted cellular uptake and cytotoxicity of MGC in vitro. (A) 
Fluorescent and TEM images of GPP or MGC-uptaken macrophages 2 hours after 
the treatments. GPP and MGC were labeled with red fluorescent dye DiI prior to 
treatments. Bars, 100 μm in fluorescent images. (B) Viability of macrophages 
treated with either PEI, GPP or MGC for 1 or 3 days, as evaluated by MTT assay. 
Each group was treated with either 15 μg/mL PEI, 100 μg/mL GPP or 100 μg/mL 
MGC. *p<0.05 vs. Control. (C) Fluorescent images showing selective uptake of 
MGC in macrophages compared to other cell types abundant in the infarction 
region. Cardiomyocytes, cardiac fibroblasts, and macrophages were pre-labeled 
with green fluorescent dye DiO. Cells were treated with DiI-labeled GPP or MGC 
for 30 minutes at 37oC. Cells that did not uptake GPP or MGC were visualized as 
DiO+/DiI- (green), while the GPP or MGC-uptaken cells were visualized as 
DiO+/DiI+ (yellow). Bars, 100 μm. Fluorescent images were quantified for 
statistical evaluation. n=3. *p<0.05 vs. Control, and †p<0.05 vs. GPP.
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4.2.3. Reactive oxygen species scavenging and inflammation 
modulation by MGC
The antioxidant effect MGC was next investigated (Figure 4.4). Quantification of 
Raman spectrum analysis demonstrated that the relative intensity ratio between D 
and G band of MGC was higher than that of GO (Figure 4.4A), indicating that 
smaller in-plane sp2 domains were formed in MGC compared to GO.231,232
Thereafter, metal chelating activity assay using ferric chloride and Ferrozine was 
performed (Figure 4.4B and C). Transition metal such as iron is a well-known 
factor that forms hydroxyl radicals and contributes to the generation of oxidative 
stress and reactive oxygen species (ROS) within the cells.233,234 Hence, the 
functionality of antioxidant materials has been analyzed using the metal chelation 
methods.159,235 Figure 4.4B demonstrates that both GO and MGC successfully 
disrupted Fe2+ complex formation, but MGC exhibited better metal chelation 
compared to GO at a concentration of 500 μg/mL. Further spectrophotometer 
assessment indicated that MGC showed better antioxidant function with the 
increase in the MGC concentration (Figure 4.4C). 
Next, the ability of MGC to reduce ROS within the immune-stimulated 
cells was evaluated (Figure 4.4D). Infarction- or ischemia-mediated generation of 
ROS is an important signal that activates inflammation by recruiting inflammatory 
cells to the infarct,236 promotes M1 differentiation237 and increases the risks of 
cardiac arrhythmia238. Hence, timely reduction of both cellular ROS and 
inflammatory macrophages are critical for effective cardiac healing. To evaluate 
ROS scavenging effect of MGC, mBMDMs were pretreated with MGC at 
concentration of 10 μg/mL for 2 hours, followed by the treatment of 200 ng/mL 
LPS, which is previously known to induce intracellular ROS and promote M1 
differentiation.239-241 After 24 hours, the level of ROS was determined using 
H2DCFDA fluorescence kit, and further analyzed with fluorescence-activated cell 
sorting (FACS: Figure 4.4D). When macrophages were treated with MGC alone, 
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approximately 8 % of mBMDMs exhibited ROS-positive green FITC fluorescence. 
Cells treated with LPS, however, exhibited more than 70 % FITC-positive cell 
populations. Surprisingly, the MGC pretreatment before LPS treatment 
dramatically reduced FITC-positive cell populations to less than 36 % (Figure 
4.4D), indicating that MGC could suppress the production of ROS within the 
immune-stimulated macrophages. Moreover, the MGC pretreatment prior to LPS 
treatment greatly downregulated the expression of pro-inflammatory inducible 
nitric oxide synthase (iNOS) gene in macrophages (Figure 4.4E). Downregulation 
of iNOS expression was further evaluated using western blot assay, and the MGC 
pretreatment significantly reduced the protein expression iNOS in immune-
stimulated macrophages (Figure 4.4F), conforming to the results of previous 
studies with immune-modulatory antioxidants.113-115,242 Increased expression of 
inflammatory genes and proteins are closely related to the phosphorylation of 
Akt,114 hence, the activation of Akt signaling pathway was examined using western 
blot assay (Figure 4.4F). The result indicates that LPS treatment induced significant 
phosphorylation of Akt signaling in macrophages, whereas the phosphorylation 
was reduced by the MGC pretreatment. Thereafter, the secretion of an 
inflammatory cytokine, tumor necrosis factor alpha (TNF-α), was evaluated 
(Figure 4.4G). mBMDM treated with MGC alone showed negligible secretion of 
TNF-α, whereas LPS treatment significantly increased TNF-α secretion. The MGC 
Pretreatment prior to LPS treatment, however, reduced TNF-α secretion by 20 %, 
which is partially attributable to the downregulation of iNOS expression and Akt 
phosphorylation. Collectively, the data suggest that MGC actively reduce ROS in 
immune-stimulated macrophages for inflammation modulation and prevention of 
inflammatory activation of the cells.
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Figure 4.4. Metal chelation, intracellular ROS scavenging, and inflammation 
modulation by MGC. (A) Intensity peak ratio evaluated by Raman spectra for GO 
and MGC. (B) Metal ion chelating activity of GO and MGC (concentration, 500 
μg/mL). Representative macroscopic images were acquired 5 minutes after the 
treatments. Absorbance was measured at 562 nm. (C) Metal ion chelating activity 
of MGC at various concentrations. The inhibition of Fe2+ formation was calculated 
using absorbance at 562 nm. Representative macroscopic images were acquired 5 
minutes after the treatments. n=3, *p<0.05 vs. 0 group, †p<0.05 vs. 10 group, 
§p<0.05 vs. 50 group, and ¶p<0.05 vs. 100 group. (D) FACS analysis of intracellular 
ROS in macrophages under various conditions, and the ROS scavenging effect of 
MGC pretreatment prior to LPS treatment to macrophages. Fluorescent signal of 
intracellular ROS was induced using H2DCFDA kit. MGC pretreatment-mediated 
inhibition of the expressions of inflammation-involved (E) iNOS gene (qRT-PCR), 
(F) iNOS proteins and Akt phosphorylation (western blot), and (G) TNF-α
(Quantikine) in macrophages treated with or without 200 ng/mL LPS for 24 hours. 
Expression levels of the gene were normalized to the control group (no treatment). 
n=3, *p<0.05 vs. No treatment, †p<0.05 vs. LPS only, and §P<0.05 vs. MGC only.
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4.2.4. Polarization of M1 macrophages to M2 macrophages
Next, we delivered IL-4 pDNA using MGC to polarize M1 macrophages to M2 
macrophages (Figure 4.5). Previous studies demonstrated that M2 macrophages 
actively participate in cardiac repair,77-80,243 and depletion of M2 macrophages can 
result in cardiac failure by severely impairing left ventricular contractile function 
and increasing inflammatory cell population.76,81 Hence, early shift from the 
inflammatory M1 phase to reparative M2 phase is essential for successful cardiac 
repair.211 To assess the therapeutic potential of MGC as a gene carrier, DNA 
conjugation was first evaluated using 1.5 % agarose gel electrophoresis assay. 
Figure 4.5A shows that IL-4 pDNA was completely conjugated to MGC at a N/P 
ratio of 10. The IL-4 pDNA transfection to macrophages was evaluated and 
quantified using western blot assay (Figure 4.5B). Interestingly, treatment of MGC 
alone (the MGC group) also increased the expression of M2 biomarker IL-4 within 
the cells, whereas IL-4 pDNA-conjugated MGC (the MGC/IL-4 pDNA group) 
exhibited better protein expression of IL-4 (Figure 4.5B). To evaluate the cell 
morphological change after MGC/IL-4 pDNA treatment, mBMDMs were 
stimulated with 200 ng/mL LPS for 24 hours, followed by the addition of MGC or 
MGC/IL-4 pDNA for 48 hours. Fluorescent images showed that macrophages 
treated with MGC or MGC/IL-4 pDNA exhibited significant morphological change 
to elongated shape of M2 macrophages, conforming to the results of previous 
studies.136,244 Two days after the treatment, quantitative polymerase chain reaction 
(qRT-PCR) analysis showed that MGC or MGC/IL-4 pNDA uptake significantly 
downregulated the expressions of inflammatory genes such as interleulkin-6 (IL-6), 
iNOS, and TNF-α (Figure 4.5D). Interestingly, downregulation in gene expression 
was observed regardless of IL-4 pDNA, while IL-4 pDNA delivery induced better 
inflammatory gene reduction. Significant downregulation in inflammatory genes in 
the MGC group could be attributed to the ROS scavenging effect of MGC (Figure 
4.4). Meanwhile, both MGC and MGC/IL-4 pDNA significantly upregulated the 
expression of genes associated with reparative M2 macrophages, namely IL-10 and 
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mannose receptor (CD206: Figure 4.5D). Interestingly, uptake of MGC or 
MGC/IL-4 pDNA also increased the gene and protein expression of gap junction 
protein connexin 43 (Cx43: Figure 4.5D and E). Cx43 expression is particularly 
important in cardiac repair, because Cx43 plays a major role in intercellular gap 
junction communications in the myocardium.45,183 Previous studies addressed that 
irregularity in cardiac conduction after MI could be exacerbated by low Cx43 
expression at the infarct zone,45,183,245 and that cardiac abnormalities can be 
mitigated when Cx43-expressing cells were delivered at the infarct.41,45,91,170 The 
activation of c-Jun N-terminal kinase (JNK) can reduce Cx43 expression and 
develop arrhythmias,246 hence, significant upregulation of Cx43 and inhibition of 
JNK phosphorylation (Figure 4.5E) by MGC or MGC/IL-4 pDNA treatment 
suggest that macrophages treated with MGC or MGC/IL-4 pDNA in vivo may 
participate in electrophysiological cardiac repair after MI. Cytokine secretion of 
macrophages treated with MGC or MGC/IL-4 pDNA was then analyzed using 
Quantikine assay (Figure 4.5F). Data showed that M1 macrophages treated with 
MGC or MGC/IL-4 pDNA exhibited decreased secretion of inflammatory cytokine 
IL-6 and TNF-α. Interestingly, uptake of MGC alone downregulated the secretion 
of the cytokines, while no significant increase in M2 cytokine IL-10 secretion was 
observed. MGC/IL-4 pDNA, however, increased IL-10 secretion, demonstrating 
that conjugation of IL-4 pDNA to MGC was vital in reparative cytokine secretion. 
IL-4 pDNA also played a critical role in the expression of angiogenic genes (Figure 
4.5G). Data showed that M1 macrophages treated with MGC did not significantly 
affect the gene expression of basic fibroblast growth factor (bFGF) and 
transforming growth factor-beta (TGF-β3), while MGC/IL-4 pDNA exhibited 
increase in these angiogenic genes. Interestingly, MGC slightly increased vascular 
endothelial growth factor (VEGF) gene. Collectively, the data suggest that while 
MGC alone can regulate the expression of inflammatory genes and proteins of M1 
macrophages, the delivery of Il-4 pDNA using MGC is vital in differentiating M1 
macrophages to functional reparative M2 macrophages. 
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Next, the secretion of angiogenic or inflammation-regulatory cytokines 
was evaluated using protein array for the conditioned medium of non-treated M1 
macrophages and MGC- or MGC/IL-4 pDNA-treated M1 macrophages (Figure 
4.5H). The dot blot analysis 3 days after the treatments indicated that macrophages 
treated with MGC or MGC/-IL4 pDNA showed significant reduction in 
plasminogen activator inhibitor-1 (PAI-1), CXCL10, Amphiregulin, tissue inhibitor 
of metalloproteinase-1 (TIMP-1) and macrophage inflammatory protein-1 alpha 
(MIP-1α). On the other hand, the secretion of matrix metalloproteinase-8 (MMP-8) 
and interleukin-1 alpha (IL-1α) was increased in these groups. Secretion of PAI-1 
and TIMP-1 is known to be higher in M1 macrophages compared to M2 
macrophages.247 PAI-1 activates macrophages to produce pro-inflammatory 
cytokines and skew M2 differentiation,248,249 while silencing TIMP-1 in M1 
macrophages can render them angiogenic.250 M1-associated CXCL10251 recruits 
monocyte-derived macrophages and aggravate inflammatory response,252,253 where 
Amphiregulin and MIP-1α are mainly generated by M1 macrophages.254,255
Amphiregulin is also known to promote pro-inflammatory activity,256 and MIP-1α 
silencing exerts anti-inflammatory effects.257 On the other hand, secretion of MMP-
8, which is involved in M2 differentiation of macrophages,258,259 was promoted in 
the MGC or MGC/IL-4 pDNA groups. Interestingly, the secretion of IL-1α was 
also promoted by MGC or MGC/IL-4 pDNA treatments. Similar to the gene 
expression alteration (Figure 4.5D), MGC could also improve the paracrine profile 
of the macrophages, while the IL-4 pDNA conjugation demonstrated superior 
secretion of cardiac repair-favorable cytokines. Collectively, this data suggest that 
macrophages polarized by MGC or MGC/IL-4 pDNA could augment cardiac repair 
via paracrine signaling pathways and the IL-4 gene conjugation can further 
improve the therapeutic efficacy of MGC. The functionality of these paracrine 
factors in salvaging ROS-mediated apoptotic cardiomyocytes was then evaluated 
(Figure 4.5I). Cardiomyocytes treated with 100 mM H2O2 for 4 hours showed 
extensive cell death, and co-culture of these cells with M1 macrophages further 
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aggravated cell viability. When M1 macrophages were polarized with MGC/IL-4 
pDNA for 2 days, however, significant enhancement in cell viability was observed, 





Figure 4.5. In vitro M2 polarization of LPS-stimulated M1 macrophages by MGC 
or MGC/IL-4 pDNA and their differential profile assessment. The MGC/IL-4 
group denotes MGC/IL-4 pDNA. (A) Gel retardation assay of MGC at different 
N/P ratio showing conjugation of MGC and IL-4 pDNA. (B) Protein expression of 
IL-4 in LPS-stimulated M1 macrophages after MGC or MGC/IL-4 pDNA
treatment for 72 hours. n=3, *p<0.05 vs. Control (no treatment), and †P<0.05 vs.
MGC. (C) Morphological change in LPS-stimulated M1 macrophages after MGC 
or MGC/IL-4 pDNA treatment for 72 hours and the assessment of cell elongation 
factor. Bars, 100 μm. n=3. *p<0.05 vs. Control. (D) The modulatory effects of 
MGC or MGC/IL-4 pDNA on the regulation of M1 genes and the promotion of M2 
phenotype in LPS-stimulated M1 macrophages. n=3, *p<0.05 vs. Control, and 
†p<0.05 vs. MGC. (E) Western blot analysis for intracellular signaling molecules in
LPS-stimulated M1 macrophages after MGC or MGC/IL-4 pDNA treatments for 
72 hours. (F) ELISA assessment of inflammatory or anti-inflammatory protein 
secretion in LPS-stimulated M1 macrophages after MGC or MGC/IL-4 pDNA 
treatments for 72 hours. n=3, *p<0.05 vs. Control, and †p<0.05 vs. MGC. (G) 
Enhanced angiogenic gene expressions after MGC or MGC/IL-4 pDNA treatments 
for 72 hours. n=3, *p<0.05 vs. Control, and †p<0.05 vs. MGC. (H) Representative 
images and quantitative analysis of the angiogenic and inflammation-regulatory 
protein array. Paracrine molecules with significant differences in pixel densities 
compared to the control or MGC group are labelled. n=3, *p<0.05 vs. Control, and 
†p<0.05 vs. MGC. (I) Cardioprotective effect of MGC/IL-4 pDNA-polarized M2 
macrophages as indicated by the viability of H2O2-treated cardiomyocytes after co-
culture with M1 macrophages or MGC/IL-4 pDNA-polarized M2 macrophages for 
48 hours. n=3, *p<0.05.
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4.2.5. Attenuation of inflammation and early shift to 
reparative M2 phase after MGC/IL-4 pDNA injection in vivo
Previous studies demonstrated that the circulating monocytes were infiltrated and 
differentiated to inflammatory macrophages one day after MI, and subsequent 
transition from the inflammatory phase to reparative phase occurs between 3 and 5 
days after infarction.260,261 Based on the previous studies, evaluation of 
inflammatory or reparative phases was performed on 1 and 4 days after MI (Figure 
4.6). One and 4 days after the treatments, heart tissues were extracted and analyzed 
using qRT-PCR for the expression of M1 biomarkers [IL-6, iNOS, monocyte 
chemoattractant protein-1 (MCP-1), and toll-like receptor-2 (TLR-2)] and M2 
biomarkers (IL-10, Ym-1, IL-4, and Fizz1). Figure 4.6A demonstrates that both 
MGC and MGC/IL-4 pDNA downregulated inflammatory genes 1 and 4 days after 
the treatments, while the MGC/IL-4 pDNA group exhibited greater downregulation 
of MCP-1 and TLR-2 genes compared to the MGC group. On the other hand, mice 
heart tissues demonstrated early inductions of M2 genes only when they were 
treated with MGC/IL-4 pDNA, implying that IL-4 gene delivery using MGC is 
crucial in the polarization of macrophages toward M2 type in vivo. Cardiac tissues 
were further evaluated using Western blot assay for the expression of inflammatory 
or reparative mediators (Figure 4.6B). Data showed that only the groups treated 
with MGC/IL-4 pDNA exhibited significant downregulation of iNOS, a 
representative marker of M1 macrophages, and pro-apoptotic BAX. Interestingly, 
both the MGC group and MGC/IL-4 pDNA group demonstrated enhanced 
expression of tissue-expression of arginase-1 (ARG1), another common marker for 
M2 macrophages.262 We have also observed that the early induction of ARG1 was 
apparent only in the MGC/IL-4 pDNA group 1 day after MI (Figure 4.6B). 
Next, cellular apoptosis (Figure 4.6C) and macrophage infiltration (Figure 
4.6D) 1 and 4 days after the treatments were evaluated. One day after the injection 
of MGC or MGC/IL-4 pDNA, there was no significant improvements in cell 
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viability at the peri-infarct. Four days after the treatments, however, significant 
reduction in cellular apoptosis was observed in the MGC/IL-4 pDNA group 
compared to the saline or MGC group. Thereafter, hematoxylin and eosin (H&E) 
staining was performed to evaluate macrophage infiltration into the peri-infarct 1 
and 4 days after the treatments (Figure 4.6D). Interestingly, the data showed that 
there was no significant difference in the macrophage infiltrated area among the 
groups, implying that the total population of macrophages at the infarction site was 
similar even after MGC or MGC/IL-4 pDNA treatments. Hence, the data showing 
the enhanced expression of M2 genes and proteins at the peri-infarct zone (Figure 
4.6A and B) demonstrates that the majority of the infiltrated macrophages 4 days 
after MGC/IL-4 pDNA treatment were M2 macrophages. To further evaluate the 
population of M2 macrophages, heart tissues were analyzed 4 days after MI using 
immunohistochemistry for CD206, a M2 macrophage marker (Figure 4.6E). The 
analysis showed that MGC/IL-4 pDNA significantly raised the population of M2 
macrophages at the peri-infarct zone compared to the control (PBS injection) and 
MGC injection group. This data suggests the total population of macrophages after 
infarction remained similar in each group (Figure 4.6D), Conforming to the 
previous studies,76 while the ratio of M2 macrophages was significantly higher 
after MGC/IL-4 pDNA treatment (Figure 4.6E). Collectively, these data suggest 
that MGC/IL-4 pDNA can significantly downregulate inflammation at the infarcted 
region 1 and 4 days after the treatment, and facilitate effective transition of 
inflammatory phase to reparative phase to increase the population of M2 




Figure 4.6. In vivo timely shift of M1 macrophages to M2 macrophages for the 
regulation of inflammation in MI mice. The MGC/IL-4 group denotes MGC/IL-4 
pDNA. (A) Gene expression of M1 and M2 markers at the left ventricle 1 or 4 days 
after the treatments in vivo. n=3 animals, *p<0.05 vs. Saline, and †p<0.05 vs. MGC. 
(B) Western blot analysis of M1, M2 and pro-apoptotic protein of the left ventricle 
1 or 4 days after the treatments. (C) Fluorescent images of apoptotic cells at the 
peri-infarct zone 1 or 4 days after the treatments, and their quantification analysis. 
n=3 animals, *p<0.05 vs. Saline, and †P<0.05 vs. MGC. (D) H&E staining of heart 
tissues 1 or 4 days after the treatments, and the quantification assessment. n=3 
animals. No significant change (NS) in the macrophage infiltration area was 
observed. (E) Immunofluorescent images of M2 macrophages (CD206-positive 
cells, arrows) at the peri-infarct zone 4 days after the treatments, and their 
quantification. n=3 animals, *p<0.05 vs. Saline, and †p<0.05 vs. MGC.
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4.2.6. Improved Left Ventricular Remodeling and Increased 
Vessel Density In Vivo
To further assess therapeutic efficacy of MGC/IL-4 pDNA treatment, inflammatory 
cell population, Cx43 expression and vessel density were evaluated 14 days after 
the treatments (Figure 4.7). H&E staining was performed to assess the area of 
inflammatory cell infiltration near the border zone (Figure 4.7A). Longitudinal 
sections of mouse hearts demonstrated extensively reduced inflammatory cell 
population at the border zone in the MGC/IL-4 pDNA groups. Interestingly, 
quantitative densitometry analysis demonstrated that the MGC group showed 
significant reduction in inflammatory cell population area compared with the saline 
group, while the MGC/IL-4 pDNA group significantly mitigated inflammatory cell 
population area compared with either the saline or MGC group 2 weeks after the 
treatment. Regulation of left ventricular remodeling was further evaluated by Cx43 
expression at the border zone (Figure 4.7B). Fluorescent images showed that the 
injection of MGC/IL-4 pDNA significantly preserved Cx43 expression at the peri-
infarct zone compared to the injection of saline or MGC. Densitometry analysis 
further demonstrated that the density ratio of Cx43 to DAPI at the peri-infarct zone 
was significantly higher in the MGC and MGC/IL-4 pDNA group compared to the 
saline group, while the MGC/IL-4 pDNA group showed the highest Cx43 to DAPI 
ratio.
Injection of MGC/IL-4 pDNA resulted in significant decrease in fibrous 
tissue area (Figure 4.7C). Masson’s trichrome staining showed markedly smaller 
fibrotic tissues at both border and infarct zone for the MGC and MGC/IL-4 pDNA
groups. Quantification evaluation exhibited the fibrosis area was significantly 
smaller in the MGC/IL-4 pDNA group compared with the saline or MGC group. 
Thereafter, vessel density at the peri-infarct zone was evaluated to determine 
whether the attenuation of cardiac remodeling was associated with the 
improvement in blood vessel density. Heart sections were stained for von 
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Willebrand factor (vWF) and smooth muscle actin alpha (SMA-α; Figure 4.7D). 
Capillary density, as evaluated by the expression of vWF, was significantly higher 
in the MGC/IL-4 pDNA group compared with the saline or MGC group. 
Additionally, MGC/IL-4 pDNA injection demonstrated higher arteriole density 
compared with saline or MGC administration. The data suggest the attenuation of 
left ventricular remodeling by MGC/IL-4 pDNA treatments may be attributable to 
increased vessel density.
Collectively, these data suggest the injection of antioxidant MGC alone 
can partially reduce inflammatory cell population and alleviate cardiac remodeling. 
Importantly, IL-4 pDNA delivery can exert synergistic effects with MGC and result 




Figure 4.7. Attenuation of left ventricular remodeling and increase in blood vessel 
density in MI mice by injection of MGC/IL-4 pDNA. The MGC/IL-4 group 
denotes MGC/IL-4 pDNA. (A) H&E staining of the heart 2 weeks after the 
treatments, and their quantitative analysis. (B) Immunohistochemistry images of a 
gap junction protein, Cx43, at the border zone 2 weeks after the treatments. Cx43 
expression (red) was quantified using densitometry and evaluated relative to DAPI+
expression. Bars, 100 μm. (C) Histological sections of myocardium stained with 
Masson’s Trichrome, and their quantitative analysis 2 weeks after the treatments. 
(D) Immunohistochemical images for vWF (red, arrows, capillaries) and SMA-α 
(red, arrows, arterioles) at the peri-infarct zone 2 weeks after the treatments, and 
their quantification analysis. Vascular densities were quantified as vWF+ or SMA-
α+ vessels per mm2. (A-D) n=4 animals. *p<0.05 vs. Saline, and †p<0.05 vs. MGC.
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4.2.7. Improved Recovery of Cardiac Function
Higher animal survival rate was observed in the MGC/IL-4 pDNA group compared 
with the other groups after 2 weeks (Figure 4.8A). Interestingly, a notable decrease 
in animal survival was detected 5 or 6 days after MI, when inflammatory phase 
declines and reparative phase progresses. The effective inflammation reduction and 
M2 macrophage shift in the MGC/IL-4 pDNA group (Figure 4.6) could contribute 
to the higher animal survival rate in the MGC/IL-4 pDNA group at this early time 
point. Interestingly, the MGC group did not show better animal survival at this time 
point. Thus, the improved animal survival after MI could be mediated by not only 
the regulation of M1 macrophage-based inflammatory phase but also the 
progression of M2 macrophage-based reparative phase. 
To assess functional recovery of the infarcted myocardium, transthoracic 
echocardiography was performed (Figure 4.8B). Two weeks after the treatments, 
the MGC/IL-4 pDNA group demonstrated significant decrease in left ventricular 
internal diameter at end diastole (LVIDd), end-diastolic volume (EDV), and end-
systolic volume (ESV) compared with the saline or MGC group. Additionally, 
ejection fraction (EF) and fractional shortening (FS) were significantly higher in 
the MGC/IL-4 pDNA group compared with the saline or MGC group. On the other 
hand, injection of MGC alone did not demonstrate functional recovery (EF and FS), 
suggesting that the recovery of left ventricular function may be associated with not 




Figure 4.8. Improvement of animal survival and cardiac functions in MI mice by
injection of MGC/IL-4 pDNA. The MGC/IL-4 group denotes MGC/IL-4 pDNA. 
(A) The cumulative animal survival rate. n=8 in the Saline group, n=10 in the 
MGC group, n=12 in the MGC/IL-4 group. *p<0.05 vs. Saline, and †p<0.05 vs.
MGC. (B) Representative images and the quantitative analysis of echocardiography. 





This dissertation presents the studies on elucidating innate physicochemical 
properties of nanoparticles in modulating cellular behaviors of cardiac and immune 
cells for the treatment MI. 
Chapter 3 provides the very first demonstration that iron oxide 
nanoparticles can greatly improve intracellular gap junction protein in H9C2 
cardiac cells, and these cells can further be utilized in stem cell co-culture to 
generate cardiac primed MSCs with notably increased therapeutic potentials for MI 
treatment. Uptake of iron oxide nanoparticles in H9C2 cells triggered cell signaling 
cascade and enabled gap junctional coupling with MSCs for promoted intercellular 
biomolecule transfer. Subsequently, MSCs co-cultured with IONP-harboring H9C2 
cells showed enhanced cardiac phenotype development that can reduce 
electrophysiological challenges posed by naïve MSCs, and exhibited unique 
paracrine profile that provided more cardiac repair-favorable cytokines. Thereafter, 
injection of these cardiac primed MSCs into rat MI models significantly improved 
cardiac tissue repair and performance. Our results suggest that iron oxide 
nanoparticles can serve as a metal ion delivering nanocarrier and greatly affect the 
development of cellular gap junction crosstalk. On the basis of our findings, the 
potential application of iron oxide nanoparticles can be extended in cell biology 
and cell-based therapeutics. For example, enhancement of cell behavior after IONP 
uptake can further be utilized in many other cell types. Current study focused on 
the effect of IONP in H9C2 only, hence, more studies on various other cell types 
can be performed to better elucidate the general therapeutic efficacy of IONPs. 
Additionally, the natural magnetic property of IONP can further be utilized in vivo. 
Current study used the magnetic property of IONP in the separation of the cells in 
vitro, however, such characteristic of IONP can further be used in in vivo to target 
the cells to the area of interest. Combined with the cell behavior-modulatory effect 
of IONP, magnetic targeting can exert synergistic effects in treating various types 
of diseases that require nanoparticle targeting. Additionally, IONP can also be used 
as an imaging tool and the validation of IONP’s therapeutic effects can expand the 
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utilization of IONP in broader biomedical field.  
Chapter 4 demonstrates the very first study evaluating graphene oxide can 
be utilized as a natural antioxidant within the cells, and further be utilized to 
modulate inflammatory activation of the macrophages for the treatment of MI. In 
this study, we demonstrate dual roles of GO in attenuating inflammation by ROS 
scavenging and in polarizing inflammatory macrophages to reparative 
macrophages via DNA delivery for MI treatment. GO-based MGC uptake by 
macrophages significantly prohibited ROS generation within the cells and 
downregulated M1 phenotype and inflammatory cytokine secretion in vitro. 
Conjugation of IL-4 pDNA to MGC demonstrated successful polarization of M1 
macrophages to M2 macrophages and the expression of cardiac regenerative 
cytokines in vitro. Injection of MGC/IL-4 pDNA into MI mice mitigated 
inflammation and promoted timely polarization of M1 macrophages to M2 
macrophages, resulting in alleviated cardiac remodeling and improved heart 
functional recovery. This study introduces a new biological role of GO in 
regulating macrophages for cardiac repair. At the same time, current study 
demonstrated the synergistic therapy of M1 regulation and M2 progression. 
Previous therapeutic approaches in treating inflammatory disorders majorly 
focused on eliminating inflammation and utilizing adjuvant to promote tissue 
regeneration. Current study using GO, however, introduced a new perspective of 
achieving these two goals with one off-the-shelf material. Therefore, current 
antioxidant therapies for MI can be combined with gene or cell therapy to better 
elucidate the cellular mechanisms at the infarct for cardiac repair. Moreover, 
further studies utilizing other GO-based materials, especially reduced GO with 
differential reduction ratio, are required to better elucidate the biomedical role of 
GO for the treatment of various disorders. 
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심근 경색은 전세계의 주요 사망 원인 중 하나로 심장 관련 질환의 대부
분을 차지한다. 심근 경색은 심장으로의 혈액 공급이 감소하고 심장 괴
사가 발생하는 것에서 유래하기 때문에 성공적인 심장 기능 회복을 위해
서는 조직 공학적 접근이 필요하다. 최근 다양한 종류의 세포 및 나노
입자가 경색증 이후 심장 기능 회복을 위한 효율적인 치료제로써 주목
받고 있으며, 세포와 나노 입자 사이의 융합 치료법이 각광 받고 있다. 
최근 연구에도 불구하고 대다수의 나노 물질은 전달 매개체로써 주로 이
용되어 왔으며, 어떠한 기전 및 역할을 통해 나노 입자가 세포 거동을
능동적으로 조절하고 세포의 치료 효능을 극대화 시킬 수 있는지에 관한
연구가 진행되지 않았다.
본 논문에서는 심근경색 치료를 위해 산화철 나노 입자 또는 산
화 그래핀과 같이 생체재료로써 널리 사용되는 나노 입자를 통한 줄기
세포 또는 면역 세포의 융합치료제 개발을 제시하고자 한다. 보다 구체
적으로, 이들 나노 입자의 생물학적 역할과 나노 입자 본질의 화학적 성
질이 세포 거동을 조절하는 방법을 밝히고자 하며, 이를 위한 본 논문의
주요 목표는 다음과 같다. 1) 산화철 나노 입자의 금속 이온 전달 능력
규명과 세포 신호 전달 조절 및 세포 간극 접합 증진 현상 연구하고 2) 
탄소 기반 산화 그래핀이 세포 내 항산화 화학 작용 및 면역 조절 기능
에 참여, 심근 경색 치료에 필요한 대식세포의 거동을 제어함에 관한 연
구를 진행하고자 한다. 
첫째, 본 연구를 통해 산화철 나노 입자가 심장 세포에서 세포
내 신호 전달을 조절할 수 있으며 이후 줄기세포와의 공동 배양에서 세
포 간극 결합 형성을 향상시킬 수 있음을 규명하였다.  줄기세포와 심장
세포의 공동 배양은 생체 이식에 앞서 줄기세포를 심근 세포와 유사하도
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록 분화시키는 플랫폼으로써, 줄기세포와 심장 세포 사이의 활동적인 간
극 접합이 줄기세포 분화에 결정적이다. 본 연구에서는 산화철 나노 입
자가 심장 세포 내에서 간극 결합 단백질인 코넥신 43의 발현을 증가시
킬 수 있음을 보고하였다. 이후 줄기세포는 나노 입자가 내포된 심장 세
포와 공배양되어 활발한 생체 분자 이동을 보였고, 전기 생리학적 심장
마커와 심장 치료에 유리한 단백질 분비가 증가하였다. 레트 심근경색
모델에 이렇게 분화된 줄기세포를 이식한 결과, 심장 섬유증이 현저히
감소시키고, 심장 조직 재생 및 기능이 촉진되었다.
둘째, 탄소 기반의 sp2 화학구조를 지닌 그래핀 산화물이 세포
내 활성산소를 효과적으로 억제 할 수 있고, 대식세포의 염증 활성화를
예방할 수 있음을 확인하였다. 또한, 우리는 그래핀 산화물 나노 입자를
DNA 전달체로 이용, 심장 경색 부위의 염증 세포를 조직 재생성 대식
세포로 분화시켰다. 심근경색 이후 과도한 수의 염증성 대식세포가 환부
에 증식하면서 조직 괴사가 악화되고 조절되지 않은 활성산소 농도가 적
절한 조직 재생을 크게 저해하는 것으로 알려져 있다. 본 연구를 통해
우리는 산화 그래핀이 활성산소 억제제로 작용, 대식세포의 염증 활성화
를 방지 할 수 있음을 입증하였고, 이후 DNA 전달을 통해 대식세포의
치료성 분화를 크게 향상시켰다. 또한, 마우스 심근경색 모델에 이 그래
핀 산화물 이식을 통해 면역 세포 반응을 현저히 감소시키고, 심장 기능
회복을 위해 심장 섬유증을 완화시켰다.
주요어: 산화철 나노입자, 그래핀 옥사이드, 세포 거동조절, 심근경색, 
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